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ANNOTATION 


This book presents the principles of design and elements 
of the theory of systems for the radio control of rockets and 
radio fuses. Emphasis is on the various aspects of electronic 
components of the control apparatus. The fact that these 
components are dynamic links of control systems is taken into 
account in the analysis. In addition, considerable attention 
is devoted to analysis of radio control systems as a whole, 
with different types of perturbations being considered. 

The book is intended for radio engineers and students at 
advanced radio engineering technical schools and corresponding 
divisions at universities. It also can be useful for non¬ 
specialists in this field who are interested in methods of 
radio control of rockets. 
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FOREWORD 


The radio control of rockets is one of the most important branches of /3 
rocket technology. Under present-day conditions, the intensive development 
of controlled rockets is undertaken not only for the purpose of their military 
application, but also for investigation of space and for interplanetary flights. 
A great number of different kinds of technical apparatus, making up the control 
system, are required for assuring flight of a rocket along a specified 
trajectory. 

The complex of instruments used in the guidance of a rocket or any other 
pilotless object to a specified point in space, by use of radio apparatus, 
usually is called a radio control system. 

Due to the broad development of rocket technology there has been a sharp 
increase in the radio control of rockets, end this gives rise to an acute need 
of technical literature on the methods of design and the theoretical principles 
of systems for the radio control of rockets. 

In recent years a considerable number of books, brochures and individual 
articles on the automatic control of rockets and other air vehicles have 
appeared both in the USSR and abroad (refs. 1-29, 59, 60 , 92, 93, 9^, 103, 104, 
106-112). In a number of these works and especially in the books (refs. 1 and 
2) successful attempts have been made to generalize problems of planning and 
use of electronic apparatus in rocket technology and also the accumulating rich 
experience in the field of development of control systems. 

At the same time, rocket technology is being continually perfected and as 
a result more and more new results of scientific investigations of radio control 
and related problems are appearing. 

This book is a further attempt at systematization of available data. 

In addition, the book presents a number of problems of a general theoretical 
character whose solutions have been obtained through the independent work of 
the authors. 

As in all published books, brochures, reviews and articles, the problems 
involved in the radio control of rockets are treated in close relationship to 
military problems. 

The presence of a considerable number of types of apparatus making up a 
control system and different kinds of interference (radio noise, atmospheric 
turbulence, etc.) causes errors in rocket guidance. Therefore, in some cases 
it becomes necessaxy to use proximity fuses. Radio fuses often are used for 
this purpose. 
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A radio fuse is an instrument ensuring the explosion of a warhead at a 
specified distance and when there is a fixed relative position of the rocket 
and the target. 

Since the requirements imposed on radio control systems and radio fuses 
usually are interrelated, a special chapter of this book is devoted to radio 
fuses. 


In writing this book, the authors attempted to expound the basic prin¬ 
ciples of design and the elements of the theory of radio control systems and 
radio fuses in such a way that the reader could prepare himself for a deeper 
study of the corresponding specialized materials. All examples pertaining to 
specific design, technical and tactical solutions are based on materials in 
the open literature, a list of which is presented at the end of the book. 
However, the quantitative data are fictitious and have a purely illustrative 
character. 

The first chapter of the book, being essentially an introduction, is 
devoted to a description of the general functional diagrams and the principal 
types of control systems. In addition, this chapter gives the most important 
requirements imposed on control systems and gives a brief description of 
existing guided missiles. 

The eight chapters which follow discuss the principal elements of radio 
control systems. In these chapters the emphasis is on coordinators, that is, 
apparatus for measuring the mismatch signals for control systems and control 
command radio links used in transmitting commands from the control point to 
the rocket (chapters 7 and 8 ). In addition, necessary information is given ^5 
on the automatic pilot and the rocket as objects of regulation (chapter 9). 

Chapters 10 and 11 give the function and block diagrams of the principal 
types of radio control systems and present an analysis of errors of rocket 
guidance. Chapter 11 also contains materials devoted to problems involved in 
noise immunity of radio control systems and the general principles of modeling 
of guidance processes. Chapter 12 discusses radio fuses. 

The authors hope that this organization of the book will make it possible 
for radio specialists to obtain a quite full idea concerning the place and role 
of electronic apparatus in radio control systems and also concerning the 
approaches followed in the planning of this apparatus and their connection bo 
nonelectronic apparatus. This book can also be useful for specialists in 
related fields. 

The authors express deep appreciation to Professor L. S. Gutkin and 
Engineer V. N. Yelizarov for their work in reviewing the book and extremely use 
ful advice and their suggestions, which were taken into account during the 
writing of the book, and also to all those associates who participated in dis¬ 
cussion of the manuscript. 
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CHARTER 1. PRINCIPLES OF DESIGN OF ROCKET CONTROL SYSTEMS 


1.1. General Functional Diagram of Control Systems 

Among the infinite number of possible trajectories for approach of a ^7 
rocket to a target in actual practice, are selected only those along which 
flight is accomplished using sufficiently simple technical means and which are 
the most desirable from the tactical point of view. For this reason the motion 
of a rocket should be definitely limited, or, as they say, "coherence" should be 
imposed on the motion of the rocket. Due to different kinds of external per¬ 
turbations, imperfections of the apparatus used and also the imperfections of 
the engine and design of the rocket during guidance of the latter, there will be 
disruption of the coherence which must be eliminated. It therefore follows that 
for solution of its basic problem the control system should set the character of 
the coherence, determine the degree of disruption of this coherence and generate 
the control signals under whose influence the rocket moves along the necessary 
trajectory. 

The coherence imposed upon the motion of the rocket assumes many aspects. 

For example, it can be required that the air velocity vector v of a rocket fly¬ 
ing in the atmosphere be directed toward the target during the entire time of 
guidance. In this case, at the time of approach of the rocket to the target, 
such as in the vertical plane ° r x ei Y er (fig. l.l), where the point o r character¬ 
izes the position of the center of mass of the rocket, and the axis o r y er rep¬ 
resents the extension of the Earth’s radius, the control system primarily should 
determine whether the angles e and 0, determining the inclination of the vectors 
r and v in relation to the axis o r x eT} are equal. If 0 ^ e, appropriate /8 

instruments are used to measure the value and determine the sign of the differ¬ 
ence A = e - 0, after which commands are produced which eliminate the disruption 
of coherence A. With the rigorous satisfaction of coherence, the rocket in the 
undisturbed atmosphere will follow a linear trajectory if the target is fixed. 

It can be required also that the center of mass of the rocket in the course 
of its guidance will be at all times on a straight line connecting the control 
point with the target. 

In the case of this type of coherence for rocket guidance, in the vertical 

plane o y x (fig. 1.2), for example, from the control point o , the control 
c ec ec c 

system should measure either the angle A = between the straight lines 

connecting' the point o c with the target T and the center of mass R of the rocket, 
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or the linear deflection h of the point R along the normal to the vector and 
tend to make them equal to zero. 

As a last example ve will mention a coherence whose essential requirement 
Is that It Is necessary to assure the motion of the rocket In such a way that 
the vector r, coinciding with the "rocket-target” line. In the course of the 
guidance process moves parallel to Itself. If the Inclination of this vector, 
situated in the plane OrK er y er (fig. l.l), in relation to the axis Ojjc^j. is «, 

a measure of the disruption of the coherence will be the value and sign of the 

angular velocity of rotation of the vector r, equal to « = 4^. 

The measure of disruption of coherence, which for one rocket guidance plane 
will be denoted A, is called the mismatch parameter (mismatch signal of the con¬ 
trol system or the control parameter). When the mismatch parameter is recorded, 
as necessity dictates, a subscript is added to the symbol A characterizing the 
rocket guidance plane and the measured values. 

If the rocket is guided along its course and is guided in altitude, the mis¬ 
match parameter is the vector A, whose components lie in two mutually perpendicu¬ 
lar planes. It can be seen, from the examples cited above, that the angular 
deflections of the vectors v and r r in relation to r and r t (figs. 1.1 and 1.2), 

the linear displacement h of the center of mass of the rocket along the normal to 
the vector r^ (fig. 1.2) and the time derivative of the angle e can be measures 

of the disruption of coherence. In a number of cases the mismatch parameter can 
be a complex function of a considerable number of parameters characterizing the 
motion of the rocket, target and control point. However, in the last analysis, 
in the control of the lateral and longitudinal motion of a rocket, coherence 
is always imposed on the direction of the vector of its flight velocity, al¬ 
though very frequently this is indirect rather than direct. 

On the basis of the foregoing it is possible to represent the general func¬ 
tional diagram of a control system for the course and altitudinal guidance of a 
rocket. This diagram is shown as figure 1.3a. Figure 1.3a shows that the 
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control system Includes a coordinator, apparatus for foraing and transmitting 
control commands, an automatic pilot and the rocket. 

The coordinator Is a complex of Instruments and derices used In deter¬ 
mining the measured value of the mismatch param e ter ^ in accordance with the 

type of coherence Imposed on the motion of the rocket. The difference between 
A and A, with the condition that both these parameters are expressed In the 

sa m e measurement units. Is determined by the errors of the coordinator and the 
interference affecting It. the shaping of the signal A^ in the coordinator is 

accomplished by the setting, measu re m e nt and functional conversion of those 
parameters which determine the selected fora of coherence. In its structure, 
the coordinator can be either a relatively simple or an extremely complex 
apparatus. This is dependent on with what accuracy and what coordinates of 
the rocket and target, or what parameters of their relative motion must be 
measured for determination of the measure of disruption of the selected 
coherence. In a general case, the comp o nents of a coordinator are measuring 
instruments, a computer and a system for transmission of data. 

Depending on the values Ag and the type of control system on the rocket 

or at the control point, the command foraing apparatus produces control com¬ 
mands 1^. If the comnand foraing apparatus is on the rocket, the K a commands 

are fed to the automatic pilot (dashed line in figure 1.3a). When the com¬ 
mands are produced at a control point they are transmitted to the automatic 
pilot by a comnand transmission apparatus. The signal K forming at the output 
of the comnand transmission apparatus is related functionally to K a and there¬ 
fore to A m . Sometimes in order to decrease the errors in rocket guidance the 
comnands K and are not only a function of A m , but also are dependent on a 

number of additional parameters of motion of the target. The mentioned depen¬ 
dence is the result of the feeding of corresponding signals produced by the 
target coordinate measuring instruments from the coordinator to the command 
forming apparatus. 

The automatic pilot is designed for stabilization of the rocket and con¬ 
trol of its flight by direct action on the control components. If the rocket 
can rotate about its longitudinal axis, the automatic pilot, in addition to 
performing stabilization functions, solves the problem of conversion of com¬ 
mands in such a way that there will be proper deflection of the control sur¬ 
faces during their turning together with the body of the rocket. 

In a number of systems the automatic pilot and the command forming /10 
apparatus are combined in a single unit. This usually is the case when the 
parameter is formed on the rocket. 
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Figure 1.3 


In addition to the commands K (or K ) additional control signals are fed 

to the automatic pilot from the rocket. These signals, picked up by the 
sensing elements of the automatic pilot, characterize the values and the rates 
of change of the angles determining the direction of the axes of the rocket in 
space, the linear accelerations of the center of mass of the rocket, etc. 

The additional control signals are used both for stabilization of the 
rocket and for improvement of the dynamic properties of the control system; 
this will be discussed in greater detail in chapters 9 and 10- 

If corrective control commands are not fed to the automatic pilot, it 
performs the function of a stabilization apparatus and ensures the flight of 
the rocket along the previously specified trajectory. The commands K (or K_) 

change the adjustment of the automatic pilot and as a result the rocket moves 
into another trajectory of motion. 

As is well known, an automatic pilot contains sensing elements which 
pick up additional control signals, master controls for measurement of the /ll 
adjustment of the automatic pilot under the influence of control commands 
or in accordance with the program, amplification-conversion apparatus, and con¬ 
trol surface mechanisms connected to the control surfaces of the rocket. 

With the deflection of the rocket control surfaces by 6 rr where 6 r is a 
vector whose components are the movements of the elevator and rudder, depending? 
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on their design, there is a change of the angles of attack, banking and slip, a 
disruption of the air flow or a displacement of the gas stream of the jet 
engine. As a result, there is a change of the direction and value of the total 
controlling force and the velocity vector of the rocket is turned. 

A rocket in a control system is an object of regulation. The input ac¬ 
tions of the rocket as an element of a control system are the movements of the 
control surfaces, and the output effect is a change of the angle of the 
velocity vector or lateral acceleration related to it. 

As a result of change of the parameters of motion of the rocket there are 
changes of the mismatch parameter A and further conversions similar to those 
considered above. Thus, the system for control of the lateral and longitudinal 
notion of a rocket forms a closed control system sometimes called a guidance 
(control) circuit. The role of a regulator in this system is played by the 
coordinator, the command forming apparatus, the control command transmission 
apparatus and the automatic pilot. 

Control systems also are known in which the commands are not produced for 
all values of the mismatch parameter, but only for definite values of this 
parameter. By means of such systems, whose general functional diagram is 
shown in figure 1.3b, it is possible, for example, to bring about the transi¬ 
tion of a winged missile into a dive when it reaches to within a stipulated 
distance of the target and to cut off the engine of a ballistic missile at the 
end of the active part of the flight trajectory. It is assumed that all the 
switching apparatus is in the automatic pilot of the rocket. In the considered 
type of control systems the circuit for the transmission of the measured value 
of the mismatch parameter to the command forming apparatus is opened by the 
key Key. At the same time the coordinator measures and compares the parameters 
of motion of the target and rocket, much as is done in the systems whose func¬ 
tional diagram is shown in figure 1.3a. 


When the mismatch parameter A reaches stipulated values A gl , A^, . 

4 , Key is closed automatically or manually and the command forming 

apparatus produces the necessary control signals. The intervals of time T k 

(k = 1, 2, ..., n) in which these signals should be fed to the automatic pilot 
after the conditions A = A g -^, A = A g £, ..., A = A gn are satisfied are deter¬ 
mined by the programming mechanism or the admissible deviations of A from A^, 
i c 2> • ••; A gn# Usually the intervals T^ are insignificant in comparison with 


the total time of rocket guidance T 


In a general case, the operation of the coordinators and the command 
transmission apparatus can be based on different physical principles. How¬ 
ever, in most cases this apparatus is electronic. 
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If the rocket Is guided by radio apparatus la the coordinator, the comnand 
transmission apparatus or simultaneously In both, the entire complex of 
apparatus ensuring that the rocket will reach the target constitutes the radio 
control system. 

The presence of electronic apparatus la control systems leads to the 
appearance of so-called open links. The receiving apparatus of these links Is 
subject to the Influence of interference. Including artificial Interference. 


1.2. Glassification of Control Systems 

Existing rocket control systems are classified as nonautonomous and 
autonomous. In addition, combined systems can be classified in a separate 
group. 


In the case of nonautonomous control systems there Is a characteristic 

need for some signals which should arrive from the tazget or from the control 

point in the course of guidance of a rocket after Its launching, for the 

forming of the measured value of the mismatch parameter A . These signals are 

n 

not necessary for the functioning of autonomous systems. A combined control 
system is a combination of autonomous and nonautonomous systems, or only non¬ 
autonomous, or only autonomous control systems with different principles of 
operation. 


1. Nonautonomous Control Systems 
Nonautonomous systems include: 

(1) homing systems; 

(2) radio zone (beam-rldlng) control systems; 

(3) command control systems. 

a. Homing Systems. A homing system is characterized by the fact that the 
mismatch parameter and the control conmands are formed aboard the rocket from 
signals arriving from the target. The coordinator carried on the rocket has a 
sensing element which picks up the radiations of the target which distinguish 
it from the surrounding medium. The target can be the source of primary or 
secondary (reflected) signals. 

The energy of electromagnetic waves is used in electronic homing systems. 
The radio apparatus of the coordinators usually measures the angular deflection 
of the line o r T connecting the center of mass o r of the rocket with the target 

T from any direction OyP^ (fig. 1.4) in space. In the simplest case this 

direction coincides with the longitudinal axis of the rocket. 
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Figure 1.4 


The position of the line OyT relative to the straight line o^ m represents 

the x-axis of the measurement coordinate system; it can be determined by /13 
the angles A6 Z and A© y or the angles A© and 9, where 9 is the angle formed 

by the Oj^ axis and the radius vector o^, drawn from point o r to point T-p 

corresponding to the projection of point T onto the plane ° r y m z m * 

On the basis of the measured values of the mismatch parameter obtained as 
a result of corresponding conversions of the signals for the angular coordi¬ 
nates A©, 9 or A© z , A© y , control commands are formed on the rocket for each of 

the guidance planes; the developing disruptions of the coherence imposed on the 
motion of the rocket are eliminated by these control commands. 

Depending on the location of the primary source of electromagnetic energy 
it is possible to distinguish active, semiactive and passive homing systems. 

An active homing system is characterized by the fact that the energy 
source irradiating the target and the receiver of the signals reflected from it 
are on the rocket. In semiactive homing systems the source of electromagnetic 
energy for irradiation of the target is not on the rocket. A passive rocket 
homing system is based on signals produced directly by the target. 

Homing systems have the following principal merits: 

(1) the possibility of guidance of rockets to moving targets, which can be 
attributed to the continuity of control of the position of these moving targets; 

(2) some autonomy of the systems, since all the apparatus necessary for 
shaping the signals for correction of the motion of the rockets are carried 
aboard the latter; 

(3) improvement of conditions for control of the position of the target 
with approach of the rocket to it (to some limit) due to the continuous in¬ 
crease of the strength of the received signals and, at the same time, a decrease 
of the linear deflections of the rocket from the stipulated direction, assuming 
constant angular errors of the measuring instruments. 
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At the same time, electronic homing systems have a number of shortcomings. 
The most important of these are: 

(1) a relatively short effective range, limited by the technical capa- /l4 
bilities of the means for control of the relative position of the rocket and 
target; 

(2) relative complexity of the apparatus carried on the rocket, especially 
in the case of active guidance; 

(3) they are subject to the effect of radio interference. 

b. Radio Zone (Beam-Riding) Control Systems. In the case of radio zone 
control, whose form is dependent on the type of electronic apparatus used in 
the coordinator, the necessary flight trajectory for the rocket is fixed from 
a guidance point. When a radar set with conical scanning of the antenna 
directional diagram is a part of the coordinator, the term radio zone applies 
to the equisignal direction passing through the target or the future position. 
This type of radio zone also can be created by a radar set with different prin¬ 
ciples of automatic determination of the angular coordinates of targets. 

Radio zones created by radio navigation apparatus can be classified as 
lines, planes and position surfaces. A plane (radio plane) and position sur¬ 
face (radio surface) are determined by the locus of points situated in a single 
plane or on a single surface in which at least one of the parameters of the 
radio signals (amplitude, phase, etc.) remains constant. A position line is 
defined as the locus of the points of intersection of two planes or position 
surfaces. 

In radio control technology, systems which ensure the flight of a rocket 
along an equisignal direction created by a radar set are called beam-riding 
control systems, or as sometimes encountered in the technical literature, radio 
teleguidance systems. In well-known beam-riding control systems, the equisig¬ 
nal direction is created by a radar set with conical scanning of the antenna 
directional diagram. 

The essence of the method of beam-riding control, under the condition 
that the equisignal direction giving the rocket flight trajectory at all times 
passes through the target, is essentially as follows. 

By the time of the launching of the rocket, when the control point and the 
target are situated at points Cq and Tq (fig. 1.5)* an equisignal direction is 

created which coincides with the straight line C^T^. With the approach of the 

rocket to the target, the equisignal direction changes its position in space 
and at times t-^ and tg* when the target is at points T-^ and T£ and the control 

point moves to points and C^, the equisignal direction coincides with the 

straight lines C^T^ an ^ C^T^, res P ec ^ ive ^y- 
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R T 



The rocket carries radio apparatus which measures the degree of disruption 
of coherence imposed on the motion of the rocket. For example, if at time t 

the center of mass of the rocket should be at point on the straight line C^T-^, 

but is situated at point R-^ the value and direction of the angle are /l5 


fixed aboard the rocket, and the linear deflection h of point R^ ^ from the 

straight line C^T^ is determined. The measured value of the mismatch parameter 

obtained in this way is converted into commands under whose influence the rocket 
returns to an equisignal direction. As in homing systems, the commands, in 
most cases, are produced by apparatus which is integrated with the automatic 
pilot. At the same time, the apparatus for the forming of commands can be made 
in the form of an independent unit or placed in the rocket radio apparatus unit. 


With the motion of the control point and the target along the curves 
C 0 CiC 2 C k and TqT^T^T^, a rocket guided by a beam-riding control system will move 

along the trajectory "^is case P°ints R^ and R^ coincide with 

and T fc , respectively. 

A distinguishing feature of this beam-riding control method is that only 
one radar set is required for its realization. If the center of mass of the 
rocket should be directed to a future point with a moving target, it is neces¬ 
sary to have two radar sets, one of which determines the coordinates of the 
target and the other forms an equisignal direction setting the rocket flight 
trajectory. 

As a result of this consideration of the problem of the methods for 
creating beam-riding control systems, it can be concluded that the apparatus of 
the coordinators of these systems is situated both at the control point and on 
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the rocket. The apparatus situated at the control point in the last analysis 
forms the reference line for the angles characterizing the required position 
of the center of mass of the rocket and is the source of the radio signals 
necessary for the operation of the rocket radio equipment. The latter deter¬ 
mines the degree of disruption corresponding to the linear deflection h 
(fig. 1.5). 

Various types of radio navigation apparatus can be used for creating a 
radio plane. The simplest radio plane is formed by use of a radio beacon for 
which the directional diagram of the transmitting antenna periodically is 
switched in relation to the selected direction in a horizontal plane (fig. 1.6). 
During the two halves of the switching period T, the diagram is in the posi¬ 
tions 1 and 2, respectively. As a result, on the basis of the difference of 
strengths of the radio signals arriving at the input of the rocket receiver /l6 
it is possible to determine the deflection h « e 1 r r of the cerrter of mass of 

the rocket R from the vertical plane passing through the control point C and 
the target T. 

The simplest form of a radio surface is a hemisphere which can be formed 
by a radio navigation range-finding system. In the case of a constant flight 
altitude and a stipulated range to a ground station A, the rocket R (fig. 1.7) 
will move automatically along the arc of a well-defined circle having the 
radius r^. 

In the case of deflection of the center of mass R from this circle by 
means of the apparatus carried on the rocket, it is possible to determine the 
value and the sign of the degree of disruption of coherence and eliminate the 
appearing guidance errors. The time of termination of rocket control can be 
determined by a comparison of the current distance from the rocket to the sur¬ 
face radio station B with the stipulated value r^. 

Other methods for formation of radio zones will be considered in detail 
in chapter 4. 

Radio zone control systems are characterized by use of relatively simple 
radio equipment carried aboard the rocket. This can be attributed to the fact 
that it operates by reception of the direct signals of radar stations or 
powerful rpdio navigation systems on the ground. At the same time, it should 
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be remembered that with the approach of the rocket to the target and assuming 
constant errors in measurement of the angular coordinates of the target and 
rocket, tfie accuracy of determination of the parameter h deteriorates and there 
is an increase of guidance errors. The presence of several channels for the 
reception of radio signals in radio zone control systems, in some cases, makes 
it possible to create very effective radio interference in them. 

c. Command Control Systems. Command control systems, also called tele¬ 
control or remote control, are characterized by the fact that the control 
coumands are not formed on the rocket but at the control point. The transmis¬ 
sion of these commands to the rocket is accomplished by radio or by wire. 

Under modern conditions transmission usually is by electronic command trans -/l7 
mission apparatus, called control command radio links or radio guidance links. 

The transmitting apparatus in the control command radio links, connected 
to the output of the coordinator by the operator and a command transducer or a 
computer, is at the control point and the receiver is aboard the rocket. The 
command transducer is a device which transforms the actions of the operator 
into signals convenient for feeding to the transmitting apparatus of the con¬ 
trol conmand radio link. Sometimes the command transducer is considered an 
integral part of the control command radio link. 

Direct participation of an operator in carrying out the entire process 
of rocket guidance is required only in nonautomatic and semiautomatic control 
systems. If the control system is automatic, the role of the operator is 
reduced to organization of the beginning of the guidance process and control of 
the correctness of operation of the apparatus used. 

The command radio link, operator and command transducer form the appara¬ 
tus for forming and transmitting commands in a nonautomatic system. In auto¬ 
matic systems this apparatus includes the control command radio link and a 
computer. 

The coordinator apparatus is placed either completely at the control 
point (with the exception of the rocket responder) or in such a way that one 
part of it (the primary measuring instruments and the transmitting apparatus of 
the system for relaying the measurement results) is on the rocket and the other 
part (receiving apparatus of the relaying system and its indicators) is at the 
control point. 

A considerable number of types of control command guidance systems now are 
known. However, the basic idea of their design for control of the longitudinal 
and lateral motion of a rocket is quite similar in all cases, and can be ex¬ 
plained using the example of a system whose simplified block diagram is shown 
in figure 1.8. 

The radar sets RS^ and RS^ are used to determine the coordinates of the 
target T and rocket R moving at the velocities and v; in this case the effec¬ 
tive range of RS£ can be increased by the presence of a responder on the rocket. 
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Figure 1.8 


1, RSx 

2, RS 2 

3, Com 

k, CCRETr 
5, CCRLRec 


The output signals of RS^ and RS 2 are fed to the computer Com which determines 

the measured value of the mismatch parameter and the control command. The lat¬ 
ter is transmitted to the rocket by the transmitting apparatus of the control 
command radio link CCRLTr. The receiving apparatus of this same radio link /l8 
CCRLRec forms a signal which is sent to the rocket's automatic pilot. The 
considered system obviously is suitable for the guidance of rockets to moving 
targets. If the target is fixed, the system is simplified considerably. In 
some cases there can be other apparatus for coordinate measurement in addition 
to radar sets. 

One of the important merits of control command guidance systems is the 
possibility of employing a very great variety of rocket flight trajectories in 
the process of approach to targets despite the relatively simple radio equip¬ 
ment carried aboard the rocket. It should be noted at the same time that these 
systems, like electronic homing systems and radio zone (beam-riding) control 
systems also are subject to the influence of radio interference in all the 
radio communication channels included in the system. 


2. Autonomous Control Systems 

Autonomous (programmed) control systems ensure the motion of a rocket 
along a previously specified (by the program) trajectory by means of apparatus 
carried on the rocket. In this case, during the rocket flight process, the 
rocket receives no signals from the target and none from a control point. 

The programmed trajectory is determined by a combination of set parameters 
of motion of the rocket relative to the Earth or relative to some fixed coor¬ 
dinate system, such as an inertial coordinate system. 

The parameters characterizing the current position of the rocket in space 
are determined by some complex of measuring instruments and are compared with 
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the programmed (set) values of these parameters. On the basis of this compari¬ 
son control pulses are produced and as a result the current values of the 
parameters are set in accordance with the specified values. 

Since the rocket flight program cannot be changed after launching, auton¬ 
omous systems are used only for control of rockets designed for guidance to 
targets whose coordinates are known in advance with a high degree of accu- 
lacy. This is one of the shortcomings of autonomous control systems. The 
principal merit of such systems is their autonomous character, frequently 
making difficult, and sometimes completely excluding, the effect of radio in¬ 
terference by the enemy. In addition, it must be remembered that autonomous 
systems can be used for the control of rockets having a great flight range. 

This can be attributed to the fact that such systems are unhampered by the 
limiting factors inherent in radar and nonautonomous radionavigation appara¬ 
tus used in determining the coordinates of objects situated beyond the range 
of geometric visibility. 

Electronic and nonelectronic autonomous control systems can be distin- /19 
guisbed. 

Depending on the makeup of the measuring instruments carried on the rocket 
it is possible to list the following types of nonelectronic autonomous control 
systems: 

(1) gyroscopic; 

(2) inertial; 

(3) celestial navigation; 

(k) guidance systems using terrestrial features and properties. 

Electronic autonomous control systems are divided into: 

(l) systems based on the use of the Doppler effect; 

(2) radio celestial navigation systems; 

( 3 ) control systems using terrestrial radar-observed features. 

a. Gyroscopic Control Systems. Gyroscopic autonomous control systems are 
based on the use of the properties of gyroscopic instruments of maintaining 
tbeir spatial position. Therefore, by placing on a rocket several position 
(three-power) and rate (two-power) gyroscopes it is possible to bring about 
stabilization of the specified angular position of a rocket in a fixed (iner¬ 
tial) coordinate system. Gyro systems are simple, but at the same time they 
have an important shortcoming—a relatively low accuracy. This can be attrib¬ 
uted to the fact that gyroscopic instruments react only to angular movements 
of a rocket and do not take into account its lateral translational movements 
caused by such factors as the wind. As a result, gyro systems were used as 
independent systems only in early developments (ref. 4). 

Under present-day conditions, gyro systems are used only as a means for 
the angular stabilization of a rocket, and the control of the position of its 
center of mass is accomplished by other apparatus (ref. 3)« 


13 


Digitized by LjOOQle 


b. Inertial Control Systems. Inertial control systems are based on con¬ 
tinuous double time integration of the acceleration vector of rocket motion. 

The inertial system includes instruments for measurement of accelerations 
(accelerograph) and integrating apparatus. After the first integration of accel¬ 
eration the velocity of motion of the rocket is obtained and the integral of 
velocity characterizes the path travelled by the rocket. The coordinates of 
the center of mass of the rocket are determined from the integrator signals. 
Comparison of the current and specified values of the coordinates makes it pos¬ 
sible to form the necessary control signals. 

If the path is calculated in a terrestrial coordinate system, for a cor¬ 
rect determination of the components of the acceleration vector it is neces¬ 
sary that the accelerometers measure acceleration in the plane of the horizon. 
Otherwise apparatus is needed to take the influence of acceleration of gravity 
into account. It therefore follows that the accelerometers should be 11 2 

mounted on a platform which at all times will remain parallel to the plane 
of the horizon. This requires that the local vertical be determined on the 
rocket. This vertical can be determined by using gyro instruments corrected in 
a special way. 

It is easy to see that an inertial system is considerably more complex 
than a gyroscopic system, but at the same time it also has a greater accuracy. 

c. Celestial Navigation Control Systems. Celestial navigation control 
systems are based on known laws of the motion of celestial bodies which change 
little with time. One of the most important units in an astronavigation sys¬ 
tem is the so-called celestial navigation instrument for automatic tracking of 
selected celestial bodies in direction. In actual practice it is possible to 
deteimine the coordinates of celestial bodies of the first and second magnitude 
automatically. Information received from two celestial bodies is used simul¬ 
taneously for rocket guidance. However, guidance is possible also by using the 
known coordinates of a single celestial body. By having on the rocket the 
vertical or the true horizon it is possible to determine the current angular 
coordinates of each of the selected celestial bodies. The signals produced by 
the celestial navigation system are compared with the specified values of the 
parameters of the celestial bodies and the control commands are formed on this 
basis. 


A distinguishing characteristic of celestial navigation systems is that 
they are capable of operating only when the stars can be seen. This makes it 
necessary that the rocket flight be at a sufficiently great altitude. It 
should be noted further that modern celestial navigation instruments have a 
high accuracy of measurement. 

For example, it is pointed out in the literature that in the case of rota¬ 
tion of the rocket-celestial body line at a rate up to 10°/sec the dynamic 
error in determination of the direction to the celestial body does not exceed 
2*. However, the complex equipment which must be carried on the rocket and 
the meteorological limitations are important shortcomings of celestial naviga¬ 
tion control systems. 
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d. Autonomous Control Systems Using Terrestrial Features and Properties. 
Autonomous control systems using terrestrial features and properties are 
based on the use of the Earth's magnetic field, the Earth's electrical field, 
the gravity field, atmospheric properties, geographic maps which are compared 
vith the terrain observed from the rocket during its flight, etc. Among these, 
the only ones which have come into practical use are those systems whose prin¬ 
ciple of action is based on the properties of the atmosphere for the control 
of the flight altitude of a rocket using aneroid pressure sensors. 


e. Systems Based on Use of the Doppler Effect. It is well known that 
there is electronic apparatus which makes use of the Doppler effect and there¬ 
by makes it possible to determine the vector of ground speed v of a rocket. 

D 

This means that such apparatus produces signals characterizing the module J_2 
of the vector |v g | and the drift angle a^. By knowing |v^| and a^ r it is 

possible to find the deflection of the center of mass of the rocket from the 
stipulated flight direction and the path which it has followed. 


An important merit of this system, in addition to its autonomous charac¬ 
ter, is the possibility of ensuring the guidance of the rocket over a great 
distance. However, as a result of the inaccuracy in taking into account the 
initial conditions and the fluctuations of the received signals, the errors of 
rocket guidance increase with an increase of their flight range. 


f. Radio Celestial Navigation Control Systems. The coordinate measuring 
instruments in radio celestial navigation control systems make use of radio 
signals in the form of fluctuation noise emitted by celestial bodies. After 
processing, these signals later are used as in celestial navigation systems. 

The received fluctuating signals are separated from the instrument noise 
of the radio receiver by the amplitude modulation of the former, for example, 
by scanning of the directional diagram of the antenna. It should be noted 
that for the normal operation of a radio celestial navigation system the an¬ 
tenna of the coordinate measuring instrument, frequently called a radio sex¬ 
tant, should be spatially stabilized. 

g. Control Systems Using Terrestrial Radar-Observed Features. In elec¬ 
tronic control systems based on the use of terrestrial radar-observed features 
the principle employed is comparison of an earlier prepared radar chart of 

the terrain over which the rocket is to pass with a continuously changing 
chart which is prepared by the radar set carried aboard the rocket. As a re- 
cult of the comparison it is possible to determine the deviation of the rocket 
from the stipulated trajectory of motion and form the necessary corrective 
commands. 


5. Combined Control Systems 

One of the reasons for the use of combined control systems is the charac¬ 
teristics of the launching segment of the rocket trajectory. For example, 
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when using electronic rocket control systems the rocket enters the zone of 
normal operation of radio guidance apparatus only some time after the launching 
and this makes necessary an autonomous (programmed) control system in the 
launching segment. 

A combination of different control systems can be desirable also when 
guiding a rocket on the main part of its flight trajectory, for example, when 
there are difficulties in the simultaneous satisfaction of the requirements 
of a great effective range and a high accuracy of guidance. In most cases con¬ 
trol systems with a great effective range have a relatively low accuracy and 
accurate systems are limited in range. An attempt to reconcile these contra¬ 
dictions within the framework of any one control system results in an appre -/22 
ciable increase of the complexity and size of the apparatus or it cannot be 
accomplished at all. Finally, in some cases for the forming of a master signal 
it is necessary to measure a variety of parameters (such as flight altitude, 
range to target, angular deflection from the stipulated direction, etc.). Here 
also, in many cases, it is more convenient to use measuring instruments of dif¬ 
ferent systems. 

Combined control systems usually are classified in three groups. The 
first type includes those systems in which rocket guidance is accomplished by 
different control systems in the course of the same stage of rocket flight. 

In the second type of combined systems the control system is replaced with 
transition from one stage of rocket guidance to another. Finally, in systems 
of the third type, which can be called mixed systems, the different control 
systems are combined both in the different guidance stages and within these 
stages. 

As an example of a combined system of the first type we can mention the 
control system of a winged rocket (missile) of the "ground-to-ground" class 
during its guidance to a fixed target. For the accomplishment of horizontal 
flight of such a rocket and its transition into a dive at a stipulated distance 
from the target, it is necessary to measure the flight altitude and the lateral 
deflection of the center of mass from the stipulated direction of motion and 
also the remaining distance to the target. Each of the mentioned parameters is 
measured by a separate measuring instrument, sometimes unrelated to the other 
measuring instruments carried aboard the rocket. For example, in the consid¬ 
ered example the altitudinal flight control is accomplished using an autonomous 
system (employing a barometric sensor) and lateral guidance is accomplished 
using a radio zone control system. 

This example illustrates the simplest form of combined control of the 
first type, characterized by the fact that in this case each component part of* 
the system operates independently. Therefore, the very fact of the use of dif¬ 
ferent measuring instruments in a combined control system does not impose any 
additional requirements on their operation. 

In more complex apparatus the individual measuring instruments are closely 
related to one another and form a unified complex. In these cases the specific 
characteristics of a combined control system become particularly obvious. 
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Combined control systems of the second type are used most frequently in 
those cases when it is necessary to ensure a high accuracy of guidance of a 
rocket having a great effective range. 

The transition from one type of control system to another imposes a num¬ 
ber of specific requirements on the components of the combined system: the 
necessity for a smooth coupling of the parts of the trajectories of the dif -/23 
ferent guidance stages, stable cutting-in of different systems when the ap¬ 
propriate conditions arise for its use, etc. 

A number of variants can be proposed for the formation of a combined con¬ 
trol system of the second type. However, for many such systems it is charac¬ 
teristic that there is self-guidance (homing) of the rocket in the final 
flight stage. When developing such combined systems it is extremely important 
to determine the minimum computed range of transition to homing. This value, 
in many respects determining most of the parameters of the -entire remaining 
system, should be selected in such a way that the following very important con¬ 
ditions are satisfied: 

(1) A rocket moving in a maximum curvature trajectory should correct the 
errors accumulated during its earlier motion due to the inaccuracy of opera¬ 
tion of the preliminary control system. 

(2) The transient processes caused by switching of the system to a homing 
regime should attenuate by the time the rocket reaches its target. 

(3) Prior to transition to homing there should be reliable reception of 
signals from the selected target. 

The first condition presupposes the ideal operation of the homing system 
and determines the minimum distance at which the rocket is capable of elimi¬ 
nating the previously accumulated errors. Determination of the necessary range 
in this case is based on an analysis of the kinematics of motion of the rocket 
and target. 

Determination of the transition range in accordance with the requirement 
that there be attenuation of transient processes makes it necessary to take 
into account the dynamic characteristics of the rocket. As an approximation 
it can be assumed that the sought-for range should not be less than the dis¬ 
tance which the rocket travels in a time sufficient for attenuation of the 
transient process caused by a perturbation of the "single jump" type. 

The third condition determines the necessary parameters of the electronic 
apparatus of the homing system, using as a point of departure the requirement 
of ensuring a reliable range detection and determination of the angular coor¬ 
dinates of the target by the time of the transition of the rocket into a 
homing regime. In some cases the conditions for pickup of the target can be 
limited to the necessary range of transition to homing. Sometimes they limit 
only some parameters of the radio apparatus of the rocket, such as the width 
of the antenna directional diagram. 
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In order to ensure the pickup of the target by the coordinator of the 
homing system it is most important that the target be situated in the n angle of 
view" of the coordinator antenna system. With the approach of the rocket to 
the target there is a decrease of the surface area scanned by a coordinator 
having a definitely set "solid angle of view," and therefore there is an in¬ 
crease of the probability that the target will not be picked up. If the tran¬ 
sition range to a homing regime is determined from the first condition and 
the possible angles of deflection of the longitudinal axis of the rocket / 2k 

from the direction to the target at the time of transition of the rocket to 
homing are known, it is easy to determine the value of the "angle of view" at 
which the pickup of the target is ensured. However, in such an approach to 
solution of the problem the required value of the "angle of view" can be too 
great. Also, an increase of the "angle of view" of the coordinator is un¬ 
desirable because in this case there is a decrease of its effective range and 
angular sensitivity. This contradiction is overcome by control of the adjust¬ 
able angle of the coordinator antenna. 

Combined systems of the third type are the most complex. However, the 
problems arising during their development are similar to those considered above. 


1.3. Concise Description of Existing Rockets 
and Their Control Systems 

A great number of guided rockets are known which vary in their tactical 
purpose, design, methods of use, type of control system, etc. Most frequently 
all types of rockets are classified on the basis of their site of launching and 
the position of the target. On the basis of this classification criterion 
guided rockets fall into the following classes: "air-to-air," "air-to-ground," 
"ground-to-air" and "ground-to-ground." 

In recent years there has been considerable development of rockets which 
are put into an artificial earth-satellite orbit and spacecraft. For this 
reason it apparently is desirable to separately classify "earth-space" rockets. 

It should be noted here that, in the mentioned classes, the term "ground" 
means the surface of our planet without distinction being made between conti¬ 
nents, oceans, seas, etc. 

Guided rockets of the "air-to-air" type are a means for damaging enemy 
aircraft in the air. The flight range r^ of such rockets falls in the range 

from less than ten kilometers to several tens of kilometers and is limited by 
the technical possibilities of airborne radar sets. The rocket weight G 
reaches several hundred kilograms. The greater part of the weight is ac¬ 
counted for by the engine, which in most cases uses solid fuel. Rockets of 
the "air-to-air" class move at supersonic velocity. The length l of these 
rockets usually is several meters and the diameter of their body d and length 

of the wings l v usually does not exceed tenths of a meter. 
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Figure 1.9 


As an illustration of the above we note that American rockets of this 
:lass "Super Falcon" (GAR-3A) and "Sparrow 3" are characterized, respectively, 

'-y the following data: G = 54.9 and 172.4 kg; 1^2 and 3-66 m; l = 0.6l and 

1 n; d r = 170 and 220 mm; r^ = 11 and 18 km; v = 3^00 km/hr; weight of warhead: 

1: and 27 kg. Figure 1.9a and b shows the external appearance of the /25 

"Super Falcon"and M Sparrow 3” rockets. 

Semiactive homing systems are used most frequently for guidance of rockets 
of the "air-to-air" class ("Falcon," "Sparrow 3")> although there are beam¬ 
riding rockets ("Sparrow 1"). 

Rockets of the "air-to-ground" class are designed for use from aircraft 
*r.d other airborne vehicles against land, water surface and underwater targets. 
This class of guided weapons includes aircraft missiles, frequently called 
•inged rockets, and aviation ballistic missiles. 

Rockets of the "air-to-ground" type can be launched from rocket-carrying 
aircraft which fly at both great and small altitudes; they usually move at 
velocities of several hundreds of meters per second and can damage a target 
situated at a distance from ten to several hundreds or even thousands of 
kilometers from the launching point. As an example we can mention the American 
-~}ckets "Hound Dog" (fig. 1.10) and "Bullpup" for which, respectively, r^ « 800 

17 km; G « 4350 and 8l0 kg; l « 13 and 4 m; l ty « 3-7 and 1.2 m; d ^ 0.71 

w r 

-•'-5 0.46 m; 2000 and 2500 km/hr. A wide variety of control systems are 
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Figure 1.10 


used for the guidance of winged rockets. For example, the guidance of the 
"Hound Dog" rocket is by means of an inertial system with correction by celes¬ 
tial navigation apparatus and the "Bullpup" is corrected by a radio control /26 
command system. It should be noted that in recent years there has been a 
tendency to use autonomous systems for rockets guided to fixed targets. 

Aviation ballistic missiles are a relatively new form of controlled air¬ 
borne weapon. The use of a rocket-carrying aircraft as a launching platform 
makes it possible to ensure a considerable effective range, despite a rela¬ 
tively small fuel supply in comparison with ballistic missiles which are 
launched from the ground. This can be attributed to the fact that an aviation 
ballistic missile, released at a high altitude, does not have to overcome the 
dense layers of the atmosphere situated at ground level. However, as is well 
known, aviation ballistic missiles are controlled only in the initial part of 
their flight to the time when the required value and direction of the velocity 
vector of their motion is set, after which the rocket engine is shut down and 
it continues its flight by inertia, like any body ejected at some angle to the 
plane of the horizon. This gives rise to rigorous requirements on the movement 
of the rocket-carrying aircraft prior to the release of the aviation ballistic 
missile and on its control system. 

The American "Skybolt" rocket can be cited as an example of an aviation 
ballistic missile of the "air-to-ground" type. This rocket is characterized by 
the following principal data: launching weight, 5150 kg; length, 11.6 m; 
diameter of fuselage, 0.9 m; flight range, 1600-2400 km (when released at an 
altitude of 11-13 km); maximum flight altitude, 320 - 1+80 km; flight velocity, 
approximately 11,000 km/hr. This rocket is designed for damaging fixed targets 
and has an inertial control system. 

Rockets of the "ground-air" class, called antiaircraft guided missiles, 
are used for shooting down enemy aircraft and rockets and can be launched from 
the ground and the decks of surface vessels. The effective range of antiair¬ 
craft guided missiles is from several tens to several hundreds of kilometers 
and their flight velocity is hundreds and thousands of meters per second. The 
weight of rockets of this class is several tons. In order to ensure a rapid 
gain of altitude by the rocket there are additional booster engines which are 
automatically separated from the rocket after expenditure of the fuel. As an 
illustration of the average characteristics of antiaircraft guided missiles /27 
cited here we can mention the principal tactical-technical data for rockets 
of the "Oerlikon," "Nike Hercules," "Nike Zeus" and "Hawk" types. 
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Figure 1.11 


The "Oerlikon" missile was developed in Switzerland and is characterized 
by the following data: G « 3700 kg, weight of warhead: G^ « 40 kg; I « 6 mj 

t y « 1.36 m; v 2970 km/hr; r^ « 20 km. The American rocket "Nike Hercules" 

and the antimissile missile "Nike Zeus" have the following characteristics, 
respectively: G sw 4500 kg and 10 tons; l 12.2 and 14.7 m; l « 2.3 and 2 m; 

v ss 3700 and 5300 km/hr; r- 137 and 370 km. The "Hawk" missile is designed 

o 

to damage low-flying targets. It has: G as 600 kg; l « 5.1 m; I « 1.2 b; 
d r « O .36 m; v « 2500 km/hr. We note that for the "Hawk" missile the values 
G and l are given without the booster taken into account. 

Antiaircraft guided missiles use a beam-riding control systems ("Oerlikon"), 
a radio command control system ("Nike Hercules"), electronic homing systems 
("Hawk") and combined nonautonomous radio control systems ("Nike Zeus" is 
guided by a radio command control system in the main flight stage and a homing 
system near the meeting with the target). 

Figure 1.11 shows the typical appearance of an antiaircraft guided 
cissile . 

"Ground-to-ground" missiles are used for the damage of surface (usually 
fixed) targets. They usually are classified as winged (aircraft rockets) and 
ballistic missiles, among which, in turn, it is possible to distinguish tac¬ 
tical and strategic rockets (missiles). The latter can damage targets at a 
distance of 10,000 km or more from the launching point. Among the winged 
tactical rockets, which in essence are pilotless jet aircraft, we can mention 
the American rockets "Matador" and "Meuse 76 ." The "Matador" missile, which 
has an effective range of about 90 ° km, is guided by a radio zone control sys¬ 
tem which is based on the use of Shanicle radio navigation apparatus. The 
"Meuse 76 " rocket (fig. 1 . 12 a), which is 13.2 m in length and which has a 
flight velocity of about 1000 km/hr and an effective range of about 2000 km, is 
guided by a system based on the use of radar observation of the terrain /28 
features over which the flight path passes. 

Among the ballistic missiles of the "ground-to-ground" class, the greatest 
attention has been given to the intercontinental ballistic missiles (ICBM) 
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Figure 1.12 


which have an effective range of 10,000-20,000 km. To attain such ranges the 
ICBM, which also are used for putting artificial earth satellites and space¬ 
craft into orbit, are supplied with powerful liquid- or solid-fuel jet 
engines. 

Some additional information on the ICBMs can be given using the example 
of the American "Atlas” missile. This missile, whose external appearance is 
shown in figure 1.12b, has: G « 118 tons; l ^ 25 m; d ^ 3 m; v ^ 30,000 km/hr 
r^ « 16,000 km. r 

In addition to ballistic missiles launched from the Earth*s surface there 
are rockets which are launched by compressed air from the compartments of 
submarines. In particular, this applies to the American missile "Polaris" 
with an effective range of about 4500 km (model "Polaris A-3")* 

With the continuing development of ballistic rockets of the "ground-to- 
ground" class there has been a change in the system for controlling them. For 
example, whereas the first models of the "Atlas" were guided by radio /2?o 

command control, inertial systems superceded this. Inertial systems also ™ 
are used for control of the "Polaris’* missile, etc. 
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The flying qualities of a winged missile are influenced considerably by its 
aerodynamic form, determined by the type of body and wings, the placement of the 
vings relative to the body and the type of control components. In the selection 
of the aerodynamic configuration it is necessary to take into account the 
required value of the controlling force, the altitudinal and flight velocity 
ranges, etc. 

Rockets with axial and plane aerodynamic symmetry are the most used. As 
is well known, the rotation of an axially symmetrical missile about its lon¬ 
gitudinal axis does not change the vectors of total aerodynamic force and momen¬ 
tum if the control surfaces are in a neutral position. In the case of rockets 
vith plane aerodynamic symmetry the mentioned vectors will turn in unison with 
the rocket. 


For all practical purposes missiles with 3-^ wings, having an identical 
form and area and arranged symmetrically relative to the fuselage, are aero- 
dynamically axially symmetrical. 


Missiles with axial aerodynamic symmetry are used in those cases when the 
necessary controlling forces for the course and pitching planes should differ 
little from one another. Missiles of the "air-to-air 11 and "ground-to-air" 
classes therefore usually are aerodynamically axially symmetrical. 

Winged missiles of the "air-to-ground" and "ground-to-ground" classes most 
frequently are designed in the form of an aircraft. There are also rockets of 
this class which have axial aerodynamic symmetry. 

In the case of ballistic missiles which travel a large part of their con¬ 
trolled path outside the dense layers of the atmosphere where there are virtu¬ 
ally no aerodynamic forces present, the wings are dispensed with. 


The control of rockets with axial aerodynamic symmetry is accomplished in 
a rectangular (Cartesian) coordinate system. 


The resultant lateral (normal) acceleration of a rocket, in the case of 

Cartesian control, is formed by the creation, by the control components, of two 
independent forces acting in the plane normal to the flight trajectory. For 
example, if a rocket has four wings oriented at angles of 90 °- to one another, 
the acceleration characterized by the vector j^ (fig- 1 . 13 a) arises in a case 


-hen accelerations equal to j . and j _ 

yl zl 


act in the direction of the axes o y 

r 1 


o z , 
r l 7 


respectively. The vectors j and j are caused by the elevator 

y -L z j. 


and the rudder, and strictly speaking do not coincide with the vertical and 
horizontal transverse axes of the missile. However, in the first approximation, 
when explaining the principle of Cartesian control, this need not be taken 
into account. 
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If at any time of the rocket flight the projection of the target onto the 
plane Ojy-p z^ is at point T, the creation of the required acceleration j n £ /30 

requires such a deflection of the elevator and rudder that the component j^g 
and j Z 2 are formed. 

A distinguishing characteristic of Cartesian control is the absence of 
banking of the rocket (rotation around the longitudinal axis) during 
turns. In addition, arbitrary turnings of the body of the rocket about its 
longitudinal axis are inadmissible because, in this case, there would be a 
change of the direction of the acceleration vector. 

Missiles having a plane aerodynamic symmetry are guided in a polar coor¬ 
dinate system. This can be attributed to the fact that the lift vector and, 
therefore, the lateral acceleration vector as well are always situated in the 
plane of symmetry. For example, when the rocket wings are situated in a plane 
normal to the vertical (fig. 1 . 13 b) the acceleration vector j , with an up¬ 
ward deflection of the elevator, will facilitate a climb. If the body of the 
rocket is turned by the angle y^ about the longitudinal axis, the acceleration 

vector j^ forming in the process is displaced by the same angle y^ in relation 

to J n ^. The projection of the vector j n 2 onto the horizontal plane causes 

acceleration and, under its influence, the rocket changes its flight course 
direction. Figure 1.13b shows that, with a constant value j^* an increase of 

y^ leads to an increase of the intensity of turning on course and a decrease 

of the acceleration acting in the vertical plane. The necessary value of the 

module I j I can be attained by deflection of the elevator. 

| n2 I 

Thus, by changing the angle of banking, which usually is accomplished by 
use of ailerons and deflection of the elevator, it is possible to change the 
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Air flow 


Figure 1.14 


direction and value of the lateral acceleration of a rocket with plane aero¬ 
dynamic symmetry. The existence of a relationship between the course and 
pitching control channels to a certain degree complicates the process of rocket 
control. 

The control components of rockets bringing about changes of the con- /31 
trolling forces in both value and direction can be divided into aerodynamic 
and gas controls. A change of the controlling force acting on the rocket also 
can be attained by a deflection of the nozzle, the setting of the boosters and 
deflections of the principal lifting surfaces situated near the center of 
• gravity. 

| Among the aerodynamic control surfaces used for rockets which travel only 
j in the atmosphere there are smoothly moving control surfaces (control surfaces 
of the aircraft type) and spoilers (interceptors). 

The action of smoothly moving control surfaces is based on a change of 
'-he angles of attack, banking and slip of the rocket. The spoiler is a small 
plate set perpendicular to the direction of the longitudinal axis of the 
^cket. This plate P (fig. 1.14) undergoes oscillatory motions caused by an 
electromagnetic drive; the plate periodically emerges the distance 6 m above 

the upper and lower surfaces of the wing or fin. When the plate P is in the 
-T?er position the disruption of the air flow gives rise to an aerodynamic 
-crce directed upward. This in turn causes a torque whose direction changes 
Periodically due to the oscillations of the plate. However, by an appropriate 
election of the frequency of vibrations of the plate it can be arranged so 
•I '.at the rocket will react only to the constant component M of the torque, 

•?ual to c 


M c = % 


- T 


2 


- y 

T 


■'.ere 


“m 


is the maximum torque created by the plate P; 
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and T 2 are the times which the plate remains in the upper and lower 
positions; 

T = is the oscillation period of the plate. 

It can be seen from this expression that the necessary curvature of the 
rocket flight trajectory can be attained by a change of the difference - T^. 

The principal merits of spoilers are their extremely small inertia and the 
smallness of the plates themselves and the apparatus causing their motion. At 
the same time, such control components increase the drag of the rocket and 
become ineffective when there are great flight velocities. 

Gas-dynamical control systems are used for rockets flying at altitudes /32 
exceeding several tens of kilometers. An example of a gas-dynamical system 
is the jet vane, which is a shaped plate made of a heat-resistant material and 
set within the jet of exhaust gases of the jet engine. When this plate is 
turned there is a change in the direction of the gas jet and the rocket there¬ 
fore turns. The use of a gas vane decreases engine thrust. This can be 
avoided by replacing the gas vane by a booster placed at the center of mass of 
the rocket and ensuring a direct change of the lateral force acting on the 
rocket. In the latter case there no longer is a need for intermediate appara¬ 
tus and links for changing the angular position of the rocket axes. 


1.4. Principal Requirements Imposed on Control Systems 

The requirements to be imposed on a planned control system usually are 
developed on the basis of an analysis of the problems which should be solved by 
the newly created rocket complex, taking into account the level of development 
of technology and also the accumulated experience in the field of production 
and operation of similar types of armament. For this reason, in this section, 
we will formulate a list of only those requirements which should be taken into 
consideration regardless of the type of rocket, control system, engine, etc. 

The requirements imposed on control systems can be divided into three 
groups: 

(1) requirements associated with the problems to be solved by the control 
system as a whole and its components (tactical requirements); 

(2) operational requirements; 

(3) requirements on the design of individual components and elements of 
the system. 

In accordance with these groups of requirements it is possible to find an 
optimal, or close to optimal, type of system and determine its technical 
characteristics. 
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In the first group the most important requirements are assurance of: 

(1) the necessary effective range and altitude of the control system; 

(2) the stipulated probability of striking the target p , determined by 
the ratio of the number of strikes to the total number of launched missiles; 

(3) a high flexibility of the tactical use of the guided missile, which 
is related to the mobility of the apparatus employed and the possibility of 

a rapid change of the direction of rocket launching. 

The required effective range of radio control systems is attained by /33 

an appropriate selection of the type of electronic apparatus, wavelength 
range, strength of radio transmitters, etc. 

The probability of striking the target p s ^ is influenced by a consider¬ 
able number of factors, including: 

(1) errors in rocket guidance caused by the maneuvering of the target and 
its properties, and also by errors in aiming, imperfection of individual ele¬ 
ments of the control system, etc.; 

(2) the weight, type and character of effect of the rocket warhead; 

( 3 ) the efficiency of operation and the principle of operation of the 

fuse; 


(4) the reliability of operation of the control system in the rocket guid¬ 
ance process; 

(5) influence of both natural and artificial radio interference; 

(6) antiaircraft fire of the enemy. 

We note that the term "striking of the target" usually means an event in 
which the object to which the rocket is guided ceases to perform its function 
(is knocked out). 

The term guidance error (miss) of a rocket means the value of the deflec¬ 
tion of the center of mass of the rocket from the target in the reference 
plane. This plane, frequently called the dispersion plane, should pass through 
the target if it is fixed or a set forward (computed) point. The problem of 
the orientation of the dispersion plane, which can be quite arbitrary, usually 
is solved using as a point of departure the convenience of investigation of the 
control systems. 

When rockets are guided toward fixed surface and water targets it is 
desirable that the dispersion plane coincide with the plane which passes 
through the target and is perpendicular to the local vertical. Frequently it 
is convenient to pass the dispersion plane along the normal to the straight 
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line extending from the control point to the rocket or to the vector of the 
relative velocity of approach of the rocket to the target for that specific 
time when the control process ends. In the case of such orientation the refer¬ 
ence plane will determine the minimum distance at which the rocket flies past 
the target. 

An analysis of the factors characterizing p^ shows that the probability 

of striking the target is a function not only of the properties of the control 
system ensuring the flight of the rocket in accordance with the selected 
coherence, but also a number of other factors not dependent on the designer, or 
only slightly dependent. However, this does not mean that the development of a 
control system can be accomplished without the cooperation of those who design 
the entire complex of rocket control apparatus. As the basis of such coopera¬ 
tion there usually is a reasonable distribution of tolerances for the param¬ 
eters of the elements of the control system complex and for the imposed require¬ 
ments, working on the basis of the attained level of engineering development 
and the problem of attaining the stipulated probability of striking the 
target p gt . 

Determination of the properties of the targets to be destroyed and the /34 
required value p g1 _ makes it possible to select the type of warhead and fuse and 

to impose corresponding requirements on them. This is followed by solution of 
the problem of the admissible errors of rocket guidance, the reliability of the 
operation of the control system, its noise immunity, etc. 

It is customary to characterize the reliability of the control system by 
the probability p^ that this system will operate faultlessly during the entire 

time necessary for rocket guidance. 

If no allowance is made for enemy countemeasures other than antiaircraft 
fire, as the probability of the target being struck by one missile we have the 
following expression 


P 


st 


P P * P 4. 

r o st 


(1.4.1) 


where p is the probability of the rocket reaching the target; p^ is deter- 


st c 


mined by the ratio of the number of rockets reaching the target 
without technical failures to the total number of launched rockets; 
is the conditional probability of striking the target, computed on 
the assumption that the control system operates reliably and that 
the rocket is not knocked out by the enemy. 


Determination of the probability p requires a knowledge of the proper- 

st c 

ties of the rocket warhead, fuse and control system and therefore this must be 
done in relation to a specifically formulated problem. 
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For example, if an impact-type fuse is used and it is probable that the 
target will be damaged only if there is a contact between it and the warhead of 
the rocket, then p^ c will represent the probability that the center of mass of 

the rocket will fall in the contour of the target and its value with a suffi¬ 
cient degree of accuracy can be found using the following expression 


P st c = {\ W( *’ *t )d * dz r 


Here W(y r , z^) is the dispersion law of the rocket, characterizing the two- 

dimensional probability density for the coordinates of the point of the rocket 
in the reference plane; S is a region representing the projection of the con¬ 
tour of the target onto the reference plane. 

The axes oy r and oz r of the coordinate system oy r z r , forming the disper¬ 
sion plane, in the absence of a relationship between the errors of rocket 
course and banking guidance, should preferably be situated in the rocket con¬ 
trol planes. 

Then the coordinates y^ and z r entering into expression (1.4.2) represent 

the components of the miss h of the rocket, read from the point o of the /35 

coordinate system oy r z r . Usually it can be assumed that z r and y r have a 

normal probability distribution law. This can be attributed to the fact that 
the errors of y r and z p are caused by a large number of approximately equal¬ 
valued and independent random effects. 

In the absence of a dependence between the miss components y^ and z^, 
distributed normally, for determination of W(y r , z ) it is necessary, as is 

veil known, to determine the mathematical expectations y r and z r and also the 
2 2 

dispersions o and a for y and z . In those cases when the control chan- 
y z r r 

- - 2 2 

nels are interconnected, in addition to knowing y_^, z^, ay and a z in order 
to find w(y r , z r ) it is necessary to know the correlation coefficient for the 


random values y and z . We recall that the correlation coefficient of two 
* r r 

random values represents the ratio of the covariance R „ to the product a__a_. 

yz y z 

Some groups of targets (such as ground targets) probably are not damaged 
only as a result of direct contact with the warhead of the rocket but also 
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through the actuation of a contact fuse in some plane region surrounding the 
target. Under these conditions S in (1.4.2) should be understood as the projec¬ 
tion of the region of an unconditional impact onto the dispersion plane. 

At the same time there can be a dependence of target damage on where the 
warhead explodes. In these cases the probability of target damage should be 
determined using the following expression 

p st c = lf /( v (1 - U * 3) 

( 5 ) 

where f(y r , z r ) is the conditional probability of striking of the target under 

the condition that the detonation of the warhead occurs at the point with the 
coordinates y , z . 

u T 7 T 

When using proximity fuses which ensure the explosion of the charge both 

with a direct hit on the target and at some distance from it, depending on the 

work program of the fuse, the problem of computation of p , of one rocket 

S X c 

becomes more complex. However, with the approach of rockets with powerful 
demolition or nuclear warheads, it is possible to define a zone in which the 
hitting of the rocket by the time of ignition of the fuse leads to a virtu¬ 
ally reliable damage of the target. Under this condition the value p ^ c , 

in the case of the operation of the rocket against ground (water) and air 
targets, is equal to the probability of hitting of the rocket in a two- or 
three-dimensional area or space constituting part of the damage zone. If a 
proximity fuse and a fragmenting warhead are used, p , can be found using 

expression (1.4.3) in which f(y , z p ) is understood to be the conditional /36 

probability of striking the target, determined on the assumptions that the er¬ 
rors of rocket guidance in the reference plane assume the values y r and z . 

Summarizing the above, it can be concluded that, when the rocket has a 
contact or proximity fuse, when computing the conditional probability of 
striking the target, it is sufficient to know the mathematical expectations, 
dispersions and correlation coefficients for the rocket miss components y r and 

z r and it is also sometimes required that these same statistical characteris¬ 
tics be known for range guidance errors. 

When the rocket has a radio fuse and a directed action warhead, it is dif¬ 
ficult to find p on a theoretical basis even in the case of quite simple 
S X c 

conditions of rocket use. This can be attributed to the fact that the detona¬ 
tion of the rocket warhead as a result of the directed action of the antenna 


30 


Digitized by LjOOQle 




of the radio fuse is a function not only of the distance between the rocket and 
the target, but also the inclination of the vector v. In addition, it must be 
taken into consideration that the warhead does not act in different directions 
vith the same efficiency. In this connection we will consider only one example 
vfcich makes it possible to obtain some idea of the determination of those 
parameters of the control system whose knowledge makes it possible to compute 
the probability p gt c . 

As an example we will analyze the flight process of a homing rocket in a 
vertical plane on the assumption that the target is fixed and is represented 
'ey point T (fig. 1.15). As a result of the presence of a blind zone in the 
coordinator measuring instruments and also of the inertia of the control sys¬ 
tem, it can be assumed that beginning with some specific time, when the center 
of mass of the rocket is at point R (fig. 1.15)>the flight of the rocket be¬ 
comes uncontrolled and the angle q k of inclination of the velocity vector v to 

the straight line RT does not change. We will assume that, at this time, the 
distance between the rocket and the target is r^ and exceeds the effective 

range r^ of the fuse. 

The detonation of the warhead of the rocket can occur at point R when the 
distance r^ between the target and the rocket is less than or equal to r , and 
the angle between the vectors v and r^ is the value (3^, being one of the char¬ 
acteristics of the fuse used. From the triangles RAT and R-^AT, in which the 

side AT = h normal to the straight line RA represents the miss of the target, 
ve have 


h = r^ sin q k = r-j_ sin p f . (1.4.4) 

We note that the angle q^ in expression (1.4.4) characterizes the 

error in the position of the vector v, responsible for the miss h. 

By solving (1.4.4) relative to r , we find the following condition for 
actuation of the radio fuse ^ 
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r K sin q k 


(1.4.5) 


r l = 


sin 


^ r. 


f • 


It follows from this condition that for stipulated values r and r the error 

Jv 1 

q k should fall within specified limits. If q^ < 30 °> which is customary and 
which occurs in the absence of artificial interference, then 


r 


1 


K 


3k 

■ ■ li • 

sin p f 


(1.4.6) 


By knowing the probability distribution law for the random value q^ it is 

possible to find the probability density W(r^) for the distance r^ at which the 
warhead of the rocket is exploded. 

Then it is possible to determine the conditional probability of striking 
the target p st c 

f f 

p st c = J /( r i) ^(r^dr,. 


Here f(r^) is the conditional probability of striking the target under the con- 

dition that the warhead of the rocket is exploded at the distance r^ from the 
target. 

Usually the random value q^. conforms to a normal probability distribution. 
Therefore 




V 2n o r 


exp 


(r, -7,)* 

2°r 


where, as follows from expression (1.4.6) 


r l r K sim (3_^/ 
2 2 

a 2 = _ K .g_, 
r 2 

sin p„ 
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and q, and a d are the mathematical expectation and the dispersion of the random 

k q 

value q^, respectively. 

— p 

It follows from the derived relations that the admissible values q, and a 

k q 

should be stipulated when developing the considered type of system. At the 
same time it also is possible to stipulate the admissible values of the mathe- 

— 2 

natical expectation h and the dispersion cr of the miss h, since 

h 


r-, = 


and 


sin p f 
2 


a = 


sin 2 p. 


In conclusion we point out that computation of p s ^ c for rockets sup- /38 

plied with radio fuses can be carried out using expression (1.4.3), if by 
f(y r , z ) is understood a function characterizing the probability of striking 

of the target, under the condition that the center of mass of the rocket hits at 
a point with the coordinates y^, z^ in the reference plane and when all neces¬ 
sary parameters of the radio fuse are taken into account. 

It also is of very great importance to ensure the necessary resolution of 
the control system. We note that the resolution of the control system usually 
is characterized by the minimum distance between two targets at which they are 
sensed by the system separately, so that the rocket can be guided to one of the 
targets. In actual practice, the resolution of the control system is determined 
by the capabilities of the radar system used to separately determine the coordi¬ 
nates of two closely spaced targets. 

In the case of insufficient resolution, the following cases are possible: 

(1) guidance of the rocket to one of the targets, if the latter reflects 
considerably more energy than all the other targets simultaneously entering 
into the field of view of the control system; 

(2) guidance toward a so-called center of reflection, provided that all 
the targets situated in the field of view of the control system have approxi¬ 
mately identical reflective properties. 

It therefore follows that when operating against grouped targets, the 
resolution exerts an influence on the accuracy of rocket guidance and therefore 
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on the probability of striking the selected target. This circumstance should 
be taken into account when developing the control system as a whole. 

The mobility of control apparatus is related to a considerable degree to 
the applied principles of design of the coordinators and the apparatus for 
forming and transmitting the commands, the number of available fixed waves, 
the required accuracy of rocket guidance, etc. 

Another requirement of extremely great importance is the possibility of 
rocket guidance when there is both unorganized (natural) and organized (arti¬ 
ficial) radio interference. In a general case the interference leads to an 
increase of the miss of the rocket or a total disruption of the guidance 
process. The problem of the influence of interference is considered in suf¬ 
ficient detail in the following chapters of the book. In some cases the con¬ 
trol system should be protected against the effect of the most probable and 
dangerous interference, even if this considerably complicates the apparatus 
and increases its cost. 

The most important operational requirements are: 

(1) faultless operation of all components of the control system under 
particular meteorological and climatic conditions and also despite possible 
dynamic overloads; 

(2) assurance of a guaranteed service time, a stipulated time of con- /39 
tinuous operation and a specified time for the reliable operation of all the 
apparatus making up the control system; 

(3) speed, safety, objectivity and automation of technical maintenance, 
using as a point of departure the reduction of the system to combat readiness 
in a specified interval of time and with a high quality; 

(4) the absence of any need for employing highly skilled specialists, 
which is particularly important in the case of large-scale use of rockets. 

Among the principal design requirements are: 

(1) simplicity of design and the possibility of its standard production 
by enterprises whose workers are not highly skilled; 

(2) assurance of free access to individual units; 

(3) assurance of convenient placement of the regulation and adjustment 
devices; 

(4) minimum weight and size, especially of apparatus carried aboard rockets 
and rocket-carrying aircraft; 

(5) minimum consumption of electrical and other forms of energy; 

(6) assurance of high-quality airtightness and cooling of the units in 
accordance with the conditions of their operation. 
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When all the above-mentioned requirements are satisfied the control system 
can be considered to be planned with technical competence, provided its cost 
is relatively low. At the same time it must be remembered that in each specific 
case there can be some specific requirements which have not been considered 
here. 
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CHAPTER 2. GENERAL INFORMATION ON CONTROL SYSTEM COORDINATORS. 
METHODS OF ROCKET GUIDANCE 


2.1. Introductory Comments 

The coordinators of rocket control systems are devices which measure /hO 
the mismatch parameter, the fora of which is determined to a considerable 
degree by the type of control system and the rocket guidance method used. For 
this reason, it is necessary to first derive mismatch equations for different 
types of control systems and different guidance methods. Analysis of these 
equations makes possible the determination of the makeup of the primary meas¬ 
uring instruments of the coordinator and to represent in general features the 
structure of its computer, which forms the mismatch parameter, on the basis of 
data received from the primary measuring instruments. 

In the process of rocket guidance the components of the mismatch param¬ 
eter which are to be measured change value continuously. This is caused by the 
relative motion of the rocket and the target, and in some cases also the move¬ 
ment of the control point. The formulation of the requirements imposed on the 
dynamic properties of the coordinator as a link in the automatic control sys¬ 
tem and computation of its dynamic errors are possible only when the law of 
change of the measured values is known. The character of the change of the 
values entering into the mismatch parameter for a particular guidance method 
is determined to a considerable degree by the kinematic equations relating the 
relative motions of the rocket, target and control point (if the latter is 
present in the investigated guidance system). Therefore, in this chapter we 
will discuss both the general principles of design of coordinators and the 
derivation of the principal kinematic relations for different guidance methods. 

In addition to the controlling effects, the coordinator is subject to the 
influence of different kinds of perturbations whose presence also influ- /hi 
ences the accuracy of determination of the mismatch parameter. The.perturbing 
factors for electronic coordinators are: instrument noise of the receivers in 
the coordinator, fluctuations of the signal reflected from the target, artifi¬ 
cially created radio interference, etc. For this reason, in the final part of 
the chapter we will present some ideas on how perturbing effects are taken into 
account when evaluating the accuracy of measurement of the mismatch parameter. 


2.2. Mismatch (Error) Equation 

The mismatch equation establishes the dependence of the mismatch parameter 
on the parameters characterizing the relative motion of the rocket, target and 
control point. In general form it can be written as follows 
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(2.2.1) 


A — A[x^(t), ^^(t), x^(t), • ••]> 

where A is the mismatch parameter and x^(t), x^(t), x^(t)... are parameters 
characterizing the relative motion of the rocket, target and control point. 

The specific value of x^(t), x^(t), x^(t)... will be determined when dis¬ 
cussing the special forms of the mismatch equation. 

If the coherence imposed on the motion of the rocket by the control system 
is satisfied ideally, in the guidance process the mismatch parameter will be 
equal to zero, that is 


A = 0. 


( 2 . 2 . 2 ) 


Equation (2.2.2), being a special case of the mismatch equation, is called the 
ideal coherence equation. 

Each specific form of the mismatch equation and of the ideal coherence 
equation following from it is applicable to a particular guidance method. If 
at all times the rocket flight proceeds exactly along the trajectory for which 
condition (2.2.2) is satisfied, this indicates that there is ideal rocket guid¬ 
ance and the trajectory being followed is the reference or theoretical trajec¬ 
tory. Each guidance method therefore has its own class of reference trajec¬ 
tories, and sometimes a guidance method is defined as a method of determining 
reference trajectories. 

The actual or real rocket trajectory differs from the reference trajectory 
due to the presence of inertia and instrument errors in the control system and 
different kinds of perturbations acting on the control system. 

In some cases the mismatch equation for a single control plane is con- /42 
leniently represented in the form 


A = 



'a* 


(2.2.3) 


where k 

T 


is the given or theoretical value of the adjustable value character¬ 


izing the relative motion of the target and rocket or the control point, target 
|rd rocket during the flight of the latter along a reference trajectory, and 
h^ is the actual value of the adjustable value. 


The dependence h 

T 


h (t) sometimes is called the control function because 

m ' ' 


in a number of control systems it is the key effect for the guidance circuit. 
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The number of actually used mismatch equations and, therefore, the number 
of methods of guidance is limited for the most part by the possibilities of 
technical design of the required complex of measuring instruments making up 
the coordinator. The selection of a particular guidance method from among 
those technically possible is determined by tactical requirements imposed on 
the control system. 

We will divide the possible reference trajectories into two groups for 
convenience in subsequent exposition. The first group includes fixed trajec¬ 
tories and the second group includes unfixed trajectories. 

Guidance on fixed trajectories occurs when the target and the launching 
point of the rocket are fixed relative to the Earth*s surface. It also is 
assumed that the coordinates of the target and launching point are known. In 
such a situation the reference trajectory can be computed in advance (before 
the launching of the rocket). It remains constant during the entire time of 
rocket guidance. 

When a rocket is guided toward a moving and maneuvering target, it is 
virtually impossible to compute a fixed reference trajectory in advance because 
its character will be essentially dependent on the form of the maneuver of 
the target made after the launching of the rocket. Unfixed reference trajec¬ 
tories also are the rule when rockets are guided toward fixed targets from a 
moving control point. 


2.3. Mismatch Equations for Rocket Guidance along 
Fixed Reference Trajectories 

The conditions for applicability of the method of rocket guidance along 
fixed reference trajectories, noted above, indicate the feasibility of using 
this method in the guidance of winged and ballistic missiles of the "ground-to- 
ground” class. 

When stipulating the reference trajectory and its principal elements it 
is most important to know precisely the coordinates of the target, the launch¬ 
ing point and the control point, if the latter is part of the guidance system. 

Since the form of fixed trajectories and therefore the mismatch equa- /t3 
tions will be different for winged and ballistic missiles, below we will 
discuss two examples, one of which illustrates the process of guidance of a 
winged missile of the "ground-to-ground" class and the second which illustrates 
the process of guidance of a ballistic missile of this same class. 

Figure 2.1 shows one of the possible reference trajectories of a winged 
missile of the "ground-to-ground" class. Here points o c , T and o p denote the 

positions of the launching site, target and rocket, respectively. The origin 
of the ground coordinate system o x y z is related to point o n . The axis 

^ Cv CL C L L 
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F 



o y coincides with the local vertical and the axis o z is directed to the 
c ec c ec 

north. 

The reference trajectory of the rocket lies in the plane F , normal to the 

Earth*s surface and passing through the launching point o c and the target T. 

The intersection of the plane F^ at the Earth’s surface is the arc of a great 

circle (orthodrome). The angle formed by the plane F^ with the direction to 

north is denoted P n . We have = 360° - 0 , where 0 is the azimuth of the 

u u az az 

target. The trajectory can be broken down into three parts on the basis of 

altitude. The segment o Q A is the climb, AB is the approach to the target /44 

and BT is the dive. It is assumed that the principal part of the rocket trajec¬ 
tory AB lies at the constant altitude Hq, although this condition is not man¬ 
datory. 

When a winged missile is guided along a fixed trajectory it is most common 
to use the method of coincidence of the center of mass of the missile and the 
reference trajectory. As a measurement coordinate system for measurement of the 
mismatch parameters when using the method of coincidence of the center of mass 
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of the rocket with the reference trajectory, it is convenient to introduce the 
orthodromic coordinate system 0 c x m y m z nl (fig- 2.1), whose origin coincides with 

the launching point of the rocket o c . The o c y m axis coincides with the o c y ec 

axis of the ground coordinate system and the o c x m axis lies in the plane Rq 

along the tangent to the orthodrome. In this coordinate system the position of 
the rocket is given either by rectangular coordinates (altitude H, lateral 
deflection z and horizontal range r^) or the following are selected as such 

coordinates: flight altitude H, angle of lateral deflection and slant 
range r^. 

The use of spherical coordinates (slant range r , angle of lateral deflec¬ 
tion e-^ an ^ angle of elevation e^) in the case of a low flight altitude of the 
rocket is infeasible due to the difficulty in controlling the small angle 

Theoretically it also is possible to use a geographical coordinate system for 
measurement of the mismatch parameter. In such a system the position of the 
rocket is determined by altitude H, longitude \ and latitude cp. However, the 
use of this coordinate system results in an appreciable complication of the 
coordinator computer. 

The mismatch equations for the principal segment AB of rocket guidance 
along a fixed trajectory can be written in the form (2.2.3), assuming that the 
stipulated values of the adjustable values characterizing rocket flight along 
the reference trajectory are equal for the rectangular coordinates of the 

rocket h =H,h =0, h = r The actual values of the mentioned param- 
TH 0 Tz Tr re 

eters will be equal respectively to: h = H, h = z , h =r 

oH oz dr rx 

Then the mismatch equations assume the form 


A h = H 0 -H, 

A* = —2, 


(2.3-1) 


If we select = Hq. = 0 and = r gr as the stipulated values of 

the adjustable parameters, where r is the slant range to the point B of tran- 

s r 

sition of the rocket to a dive, and the actual values of these parameters are 
assumed equal to = H, and = r^, respectively, the mismatch 

equations are written in the form 
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(2.3.2) 


A h =H 0 -H, 

A„ = -«i. 

* r s1T r sr~ r T‘ 

Analysis of equations (2.3-1) and (2.3.2) shows that the controlling /U-5 
functions for the principal part of the fixed trajectory are constant 
values (in a special case, zero). Equations similar to (2.3.1) and (2.3.2) 
can be written for the ascent and dive parts of the trajectory; in this case 
it is necessary to take into account only the change of the stipulated altitude 
of rocket flight with time. 

The system of equations (2.3.1) can be considered as the combination of 
the projections of the mismatch parameter vector onto the axes of an ortho¬ 
dromic coordinate system. 

Then 


A = A r i + A 0 j + A z k, 


vhere i, j, k are the unit vectors of the coordinate system 0 c x m y m z m ' 

It follows from equations (2.3*1) and (2.3.2) that the coordinator should 
contain three measurement channels (altitude, lateral deflection and remaining 
range) for measurement of the components of the mismatch parameter A. We note 
that only the components of the mismatch parameter of the lateral deflection 
and altitude channels are used in forming the controlling signals fed to the 
control components of the rocket for maintaining it on its reference trajec¬ 
tory. However, the component of the mismatch parameter measured in the range 
channel is used for producing the command for the transition of the rocket 
into a dive or into a homing regime when it reaches point B of the trajectory, 
vhen the actual range to the rocket becomes equal to the stipulated range and 
the component of the mismatch parameter of the remaining range channel be¬ 
comes equal to zero. This circumstance is due to the absence of effectively 
operating systems of control of the value of the velocity vector of winged 
missiles (ref. 22). 

If only those components of the mismatch parameter on the basis of which 
signals are shaped for the control of a rocket in the horizontal and vertical 
planes are taken into account, the mismatch parameter can be represented in 
the form of a two-dimensional (complex) vector in the reference plane, that is, 
the plane passing through the center of mass of the rocket normal to its 
flight trajectory, assigning to the vertical component of the mismatch param¬ 
eter the imaginary unit 


j = /-i. 

Then 

A = i 2 + JA h . 
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When a rocket is guided along a fixed trajectory each coordinator channel 
usually has its measuring instrument which operates independently of the meas¬ 
urement instruments of other channels. Therefore, the representation of the 
mismatch parameter in the form of a vector or complex value, to a considerable 
degree, has a formal character and is done exclusively for generality. 

After establishing what values should be measured for determination /U6 

of the mismatch parameter during the guidance of a winged missile along a 
fixed trajectory we determine the apparatus which can be used for making these 
measurements. 

Radio altimeters and barometric altitude sensors are used as altitude sen 
sors during rocket flight. The latter have preference over radio altimeters 
due to the simplicity of design and their reliability of operation. In addi¬ 
tion, the use of barometric altitude sensors makes it possible to have hori¬ 
zontal rocket flight, regardless of the character of the terrain over which 
the rocket is flying. For formation of the mismatch parameter of the altitude 
channel the signal from the output of the altitude sensor (in the form of a 
voltage or current) is compared with the signal of the altitude corrector, 
whose value is proportional to the stipulated flight altitude H^. The alti¬ 
tude corrector is adjusted before the rocket launching. The difference of the 
signals received as a result of the comparison is used as the measured value 
of the mismatch parameter of the coordinator altitude channel. 

Measuring instruments of different types are used for measurement of 
lateral deflection. They can be divided into three groups: 

(1) nonautonomous electronic (angle-measuring, angle-measuring— range¬ 
finding, range-finding, add-subtract— range-finding); 

(2) autonomous (autonomous electronic, inertial, celestial navigation 
measurement instruments, and those based on the use of• ground features); 

(3) combined. 

A description of the principles of design of the mentioned measurement 
instruments and an analysis of their operation are given in the chapters which 
follow. 

The formation of the mismatch parameter in the remaining range channel 
usually is accomplished using measurement instruments of the same types as 
used in the channel for measurement of lateral deflection. 

The form of the reference trajectory of a ballistic rocket differs from 
the trajectory of a winged missile discussed earlier; this is due to the dif¬ 
ference of the coordinators of missiles of the mentioned types. 

Figure 2.2 shows the flight trajectory of a close-range ballistic missile 
Here the origin of the ground coordinate system o x y z coincides with the 
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launching point o Q . The reference trajectory of the rocket lies in the plane 
°c x m^m *^e measuremen t coordinate system ° c x m y m z m > turned in the horizontal 

plane relative to the ground coordinate system in such a way that its axis 
°c x m coinc ^ des the launching point-target line. The position of the tar¬ 

get in a ground coordinate system is given by the angle 3 and the range r . 

The rocket trajectory (curve o q AT) consists of two parts: active o Q A 

(a comparatively small part of the trajectory which the missile travels with 
engine operating), and passive AT (where the missile flies with the engine 
nonoperative). 

The rocket flies a large part of the passive part of the trajectory /h'J 
along a computed ballistic trajectory (the trajectory of a free projectile) 
under the influence of the initially applied force and the force of gravity. 

In the case of close-range missiles the ballistic trajectory is close to a 
parabola. Long-range missiles, including intercontinental missiles, fly along 
trajectories close to an elliptical curve representing part of an ellipse, one 
of whose foci is situated at the center of the Earth. This 'trajectory differs 
from a ballistic trajectory only at the end of the passive part as a result of 
deceleration of the rocket during its entry into the dense layers of the 
atmosphere. 

The active part of the trajectory in turn can be divided into three parts: 
the launching segment o c a, the control segment ab and the segment with engine 
inoperative bA. 

In the launching segment the rocket moves vertically upwards, which de¬ 
creases the time it moves in the dense layers of the atmosphere and therefore 
decreases the expenditure of energy in overcoming air resistance. Several 
seconds after launching, on commands received from the control system, the 
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longitudinal axis of the rocket begins to turn in the direction of the target 
and the trajectory becomes curved. When the parameters of rocket motion 
attain the computed values, a command is fed for cutting out the engine. 

Rocket flight in a ballistic curve begins after the engine becomes inoperative. 

By establishing the character of the reference trajectory of the ballistic 
missile it is possible to obtain expressions for the mismatch parameter and 
determine the complex of apparatus making up the coordinator. 


The flight distance of a close-range ballistic missile r , with some sim¬ 
plifying assumptions (absence of air resistance, replacement of the Earth f s /kQ 
surface by a plane, etc.), can be computed using the known formula 


r 


0 


2 

v. 

m 


sin 26 . 
_in 

g 


(2.3.3) 


Here v^ n and represent the velocity of the rocket and the angle formed by 

the velocity vector and the horizontal plane, respectively, at the time the 
engine becomes inoperative. 

It follows from expression (2.3.3) that a change of the firing range is 
attained by variation of the values v^ n and 

It follows from the above that the rocket hits the target if there is 
lateral pointing (the actual trajectory of the rocket will lie in the vertical 
plane ° c x m y m passing through the launching point and the target) and the engine 

will become inoperative at the time when the values of the initial velocity 
v in and angle 6^ n attain those values at which the range of the striking point 

of the rocket will be equal to the range of the target r^. We note that when 

stipulating the reference trajectory of a long-range rocket it is necessary to 
take into account the Earth's curvature and rotation. 

For control of lateral pointing it is necessary to determine the lateral 
deflection of the rocket from its reference trajectory in the active part of 
the flight. This problem is solved by the coordinator lateral deflection 
channel. 

The equation for the mismatch parameter of the lateral deflection channel, 
as in the case of guidance of winged missiles, can be represented in the form 


or 


A z = —z 


A = 


—e 


i» 


(2.3.4) 
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where z is the linear deflection of the rocket from the plane in which the 
reference trajectory lies; is the angular deflection of the rocket from this 
same plane. 

Coordinators of the angle-measuring, add-subtract— range-finding and iner¬ 
tial types are in practical use for measurement of the lateral deflection of a 
ballistic missile, as well as measuring instruments based on use of the Doppler 
effect. 

The functions of the range channels of the coordinators of ballistic and 
winged missiles differ from one another. Whereas in the control systems of 
winged rockets the role of a coordinator range channel is reduced essentially 
to the recording of the remaining range of the rocket, on the basis of the 
measurements made in the range channel of the coordinator of a ballistic rocket 
the initial flight range itself is set. 

It follows from formula (2.3.3) that the stipulated range of striking of 
the target Tq = r^ is attained in a case if at the time of deactivation of the 

engine there is a rigorous correspondence between the value of the initial /U 9 
velocity v^ n and the angle of its inclination 0^ n . It therefore would appear 

that the coordinator range channel should contain a unified system for measure¬ 
ment of the value and position of the velocity vector of the rocket. In prac¬ 
tice, however, the range channel can consist of two different measurement sys¬ 
tems, functionally unrelated to one another, which simplifies the design of the 
coordinator. The admissibility of such separate measurement of the value of 
the velocity vector and its angle of inclination can be justified by the fol¬ 
lowing considerations. Formula (2.3-3) shows that the maximum value of the 
range of the point of striking of the rocket for a given initial velocity oc¬ 
curs when 0^^ = 45°. The trajectory of a rocket with = 45° sometimes is 

called an optimal trajectory, since moving along it the rocket covers the 
stipulated range with a minimum initial velocity, and therefore with a mini¬ 
mum possible expenditure of fuel. We note that when the curvature of the Earth r 
surface is taken into account the optimum angle of inclination of the velocity 
vector differs somewhat from 45° and is dependent on the velocity v^ . 

The process of rocket guidance tends to be organized in such a way that 
rocket flight trajectories will be close to optimal. If the condition of the 
closeness of the trajectory to an optimal trajectory is satisfied, the influ¬ 
ence of inaccurate setting of the angle on the error in range is insignifi¬ 
cant. In actuality, by computing the differentials of both sides of equation 
(2-3-3) and converting to finite increments, we obtain 


Ar_ Av. AS. 

_0 _ ^ _in 2 in 


0 


v . 
in 


tan 20. 

m 


(2.3.5) 
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In the case of an angle close to optimal, the value of the second 

term is increasingly small. Therefore, two functionally independent systems 
can be used for control of the flight range of a ballistic missile. One of 
these is used for the programmed change of the angle Q and the second for 
measurement of the current velocity value. 

The program for the change of the angle Q is prepared on the basis of the 
approximately known law of the change of the velocity of the rocket with time. 
Therefore, by the time the engine becomes inoperative the angle 6 attains a 
value close to optimal. Since the angle of attack for ballistic missiles does 
not exceed several degrees, the angle of inclination of the velocity vector can 
be considered approximately equal to the angle of inclination of the longi¬ 
tudinal axis of the rocket to the horizon, that is, to the angle of pitching t? 
(in figure 2.2 the longitudinal axis of the rocket is denoted o r x^). Then the 

system for change of the angular position of the rocket can be arranged in the 
following way. Several seconds after the launching (the time required for the 
rocket to pass through the launching part of the trajectory) the programming 
mechanism is cut in and produces the programmed value of the change of the 
angle of pitching The actual value of the angle of pitching i? is meas¬ 

ured with a gyroscopic transducer. On the basis of a comparison of the actual 
and programmed values of the pitching angle a signal is shaped and fed to /^O 
the control components. By deflection of the control surfaces the longi¬ 
tudinal axis of the rocket changes its angular position. Therefore, the mis¬ 
match parameter of the apparatus for change of the angular position of the 
rocket of the coordinator range channel can be written in the form 







( 2 . 3 . 6 ) 


In addition to apparatus for the change of the angular position of the 
rocket, the coordinator range channel should contain apparatus designed for 
measurement of the current velocity v of the rocket and its comparison with 
the stipulated value of the initial velocity v^ . When the current velocity 

of the rocket becomes equal to the stipulated value, a command is produced for 
deactivation of the engine. The mismatch parameter of the system forming the 
command for deactivation of the engine has the form 


A 


v 


m 


v. 


(2.3.7) 


The current velocity of the rocket is measured by inertial measurement 
systems and electronic apparatus based on use of the Doppler effect. In an 
inertial measurement system for velocity measurement, the signal received from 
the accelerometer, oriented properly in relation to the longitudinal axis of 
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the rocket, is fed to an integrator. A voltage appears at the output which is 
proportional to the velocity of rocket flight. In the comparison circuit this 
voltage is compared with the voltage from the master oscillator, whose value 
is set prior to the launching of the rocket, using the required flight range 
as a guide. 

One of the variants of an electronic system for deactivation of the engine 
includes: a surface receiver-transmitter, a responder aboard the rocket and 

a control command radio link (ref. 4). The signals from the surface transmit¬ 
ter are received aboard the rocket and are reradiated by the responder. The 
response signal is received by the surface station receiver. Obviously, the 
frequency of the received signal differs from the frequency of the transmitted 
signal by the value of the Doppler frequency shift. By measuring the mentioned 
shift it is possible to determine the velocity of withdrawal of the rocket 
from the ground station. When this velocity becomes equal to the stipulated 
value, a command is transmitted through the control command radio link for 
deactivation of the engine. 


2.4. Kinematic Equations for Rocket Guidance 
along Fixed Reference Trajectories 

In order to, impose requirements on the dynamic characteristics of any 
measuring instrument, including a coordinator, it is necessary to know the law 
of change of the measured values. With relation to the coordinator of a 
guided rocket this means that, even before beginning the planning of a /^1 
coordinator, it is desirable to have data on the character of the change of 
the mismatch parameter, at least for the most typical cases of rocket use. 

Since the mismatch parameter represents the difference between the stip¬ 
ulated value of the adjustable value, which can be constant (in a special case 
equal to zero) or change in conformity to a known law, and its actual value, 
some idea of the character of its change can be obtained if the laws of change 
of these values are known. Since the character of change of the stipulated 
value of the adjustable value is known, it only remains to determine the laws 
of change of its actual value, which is dependent on the actual rocket flight 
trajectory. 

The trajectory of a winged rocket during its flight in the unperturbed 
atmosphere can be determined if the law of change of the value and direction 
of the air velocity vector with time is established. 

The position of the velocity vector in a moving coordinate system 

0 x y z (fig. 2.1), whose axes are parallel to the corresponding axes of 
r rm rm rm 

the measurement coordinate system 0 c x m y m z m > is given by the angles 0 y and 0^, 
vhere 0 v is the angle between the direction of the velocity vector and its 
projection onto a horizontal plane (angle of inclination of the trajectory) 
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and 0^ is the angle between the projection of the velocity vector onto a 
horizontal plane and onto the axis (the turning angle of the trajectory). 

The relationship between the parameters characterizing the rocket trajec¬ 
tory (v, 0^) and the above-mentioned adjustable value is set by a kinematic 

equation. Thus, if the law of change of the parameters v, 0 v , 0^ is found and 

the kinematic equation is determined, the character of change of the mismatch 
parameter also becomes known. However, here one apparent difficulty arises: 
it is impossible to obtain the real law of change of the values v, 0 y , 0^ 

without investigating the control system, as a whole, as a closed automatic 
control system. It therefore would appear impossible to formulate requirements 
on the dynamic properties of the coordinator until the rocket control system is 
fully planned. There is a solution of this problem because usually some 
limiting values of the parameters characterizing the actual rocket flight 
trajectory are known. For example, as such a parameter it is possible to use 
the maximum value of the projected overloads. By stipulating this value it is 
easy to determine the limiting value of change of the mismatch parameter, 
which is extremely important when evaluating the dynamic properties of the 
coordinator. 

As an example we will consider the kinematic equations corresponding to 
guidance of a winged missile along a fixed trajectory. The kinematic equation 
for motion of a rocket in a vertical plane has the form /52 


£2 = v sin 0 , (2.4.1) 

A+ V 


where H is the flight altitude of the rocket. 

If the angle of inclination of the trajectory 0 y is small, with a suffi¬ 
cient degree of accuracy it can be assumed that 


dH _ 
dt ~ 


V0. 


(2.4.2) 


The relation (2.4.2) is reflected in the block diagram by a kinematic 
link. The transfer function of such a link, written in symbolic form, will be 
equal to 



(D) 


H(t) = v 

e v (t) " D ’ 


(2.4.3) 


Above and below the letter D is the symbol for differentiation 


of 


_d_ 

dt 
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Expressions (2.3*1) and (2.4.3) were used in constructing the block dia¬ 
gram (fig. 2.3) illustrating the formation of the mismatch parameter of the 
altitude measurement channel. Figure 2.3 shows that the kinematic equation 
adds one integrating link to the control system block diagram. 

Since the transverse load factor when a rocket moves in a vertical plane 
is expressed by the formula 



by differentiating (2.4.2) and assuming v = const, we will have 



(2.4.4) 


By substituting the maximum value of the projected load factor into equa¬ 
tion (2.4.4) and using relation ( 2 . 3 .I) it is easy to obtain the limiting value 
of the change of the mismatch parameter of the altitude measurement channel. 

The kinematic equation for rocket motion in a horizontal plane has th e /53 

form 


— = v cos 0 V sin 0,, 
H+. v h* 


(2.4.5) 


where z is the lateral deflection of the rocket from the reference trajectory. 
If the angles 0 V and 0^ are small, then 


(2 - u>6) 

Introducing the load factor for lateral deflection, equation (2.4.6) can 
be represented in the form (2.4.4). 

The transfer function of the kinematic link during motion of a rocket in 
a horizontal plane is expressed by the formula 


M ,.(D) . 
z / e e h (t) d 
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Figure 2.3 



Figure 2.k shows a block diagram clarifying the formation of the mismatch 
parameter of the lateral deflection channel. 

In the same way it is possible to obtain a kinematic equation for the 
guidance of ballistic missiles. 


2.5. Methods of Rocket Guidance along 
Unfixed Reference Trajectories 

In the case of guidance of rockets along unfixed trajectories it is pos¬ 
sible to speak only of a class of reference trajectories determined by the 
guidance method used, since the position of each of the reference trajectories 
of a particular class is dependent on a number of conditions which cannot be 
taken into account in advance (maneuvering of the target, initial launching 
range, etc.). The coordinator, therefore, checks the satisfaction of the 
coherence imposed on the motion of the rocket, not on the basis of the deflec¬ 
tion of the rocket from its reference trajectory, but on the basis of the 
deviation of some parameter characterizing the relative position of the rocket 
and target from its stipulated value. The certain degree of freedom in selec¬ 
tion of such parameters leads to an increase of the number of possible 
methods for guidance of rockets along unfixed trajectories. 

As a convenience we divide methods of guidance along unfixed trajectories 
into two groups: 

(a) two-point methods, determining the relative position of two points— 
rocket and target; 

(b) three-point methods, determining the relative position of three 
points—rocket, target and control point. 

Two-point guidance methods are used in homing and command control systems 
and three-point methods are used in command control and radio zone (beam¬ 
riding) guidance systems. 

The most well-known methods in the first group are: 

(1) the direct guidance method: 

(2) the vane guidance method and the pursuit curve guidance method; /3h 

(3) the parallel approach method; — 

(-) the proportional guidance method. 
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Included in the second group are: 

(1) coincidence with the target method; 

(2) coincidence with a forward point method. 


2.6. Two-Point Guidance Methods 

In two-point guidance methods, coherence is imposed on the control system 
with respect to the position of the longitudinal axis of the rocket or its 
velocity vector in relation to a line connecting the rocket to the target or 
to some direction fixed in space. The specific form of coherence is estab¬ 
lished by the mismatch equation corresponding to the particular guidance 
method. 


1. Direct Guidance Method 

The direct guidance method requires that during the entire time of the 
rocket flight its longitudinal axis coincides with the rocket-target line. 
Therefore, in the direct guidance method, coherence is imposed on the position 
of the longitudinal axis of the rocket. We will obtain a mismatch equation 
for the considered guidance method. We will assume first that the guidance is 
accomplished in some single plane, such as a vertical plane. This case is 
illustrated in figure 2.5. In this figure the point o r , situated at the cen¬ 
ter of mass of the rocket, coincides with the origin of the nonrotating coor¬ 
dinate system ° r x er y er whose axes are parallel to the corresponding axes of a 

ground coordinate system. The axis is directed along the longitudinal 

axis of the rocket. The position of the target (point T) in the coordinate 
system ° r ^ er y er Is given by the range vector r (its module r and the angle c 

formed by the vector r and the axis o r x er ). The angle between the longi¬ 
tudinal axis of the rocket and the range vector is denoted \. The position 
of the velocity vector v of the rocket is characterized by the angle 0. The 
difference between the angles $ and 0 is the angle of attack a. In accor¬ 
dance with the definition of the guidance method the mismatch equation is 
written in the form 


A 


V 


= V- 


( 2 . 6 . 1 ) 


Using the relationship between the angles e, £ and y it is possible 

to write the mismatch equation in the form (2.2.3) if if is assumed that 

v. = e and *u = t?, 

H 3 9 


[55 


A =€-*?. 
Y 


( 2 . 6 . 2 ) 
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Figure 2.5 


It follows from expressions (2.6.1) and (2.6.2) that the mismatch param¬ 
eter can be determined either by the direct measurement of the angle y or by 
the separate measurement of the angles e and i? with subsequent subtraction of 
the measurement results. 

The advantage of the first method for determination of the mismatch param¬ 
eter is the relative simplicity of the design of the coordinator required for 
its realization. In this case it consists of an electronic angle-measuring 
apparatus whose antenna system is attached rigidly to the body of the rocket 
and which is oriented along its longitudinal axis. The signal at the output 
of such an apparatus will be proportional, in certain limits, to the angular 
deviation of the target from the longitudinal axis of the rocket and its sign 
will be dependent on the direction of deviation of the target. 

The output signal of the coordinator is sent through the automatic pilot 
to the control mechanism of the rocket. Deflection of the control surfaces 
leads to a change of the angular position of the longitudinal axis of the 
rocket and, therefore, to a change of the position of the antenna system of 
the coordinator relative to the target. This change should be such that the 
mismatch parameter tends to zero. The latter is achieved by appropriate 
orientation of the axes of the measurement coordinate system c^x^h^, whose 

position is determined by the installation of the coordinator relative to the 
body of the rocket and its adjustment. The axis c^x^ of the measurement 

coordinate system is directed along the longitudinal axis of the rocket and 

the axes o v„ and o z„ should be situated in the control planes of the rocket 
nrm mm r 

R z and R (fig. 2.6), which in turn coincide with the planes o r x^z^ and o^x^y.^ 
of the related coordinate system. 

If the mentioned conditions are satisfied, the coordinator will meas- /^6 
ure the two components of the mismatch parameter 

( 2 . 6 . 3 ) 
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Figure 2.6 


T 


vhere y z and Yy are the angles between the axis Og^ and the projections of 
the rocket-target line in the planes R z and Ry, respectively. 

A signal proportional to A^ z is used for control of the motion of the 
rocket in the plane R z and a signal proportional to A for control of the 
motion of the rocket in the plane Ry. In the case of the small angles y z and 
y , the two scalar equations (2.6.3) can be replaced by one complex equation, 

y 

if the component of the mismatch parameter in the plane R is arbitrarily 
assigned the imaginary unit y = V=1 . Then 

A T = T*+/'Ty = Te ,f . (2.6.4) 


vhere 7 = V T* + Ty is the module of the mismatch angle; cp is the phase angle 

of the target, read from the plane R . 

z 

Since the measurement coordinate system is rigorously related to the body 
of the rocket, the absence of automatic banking stabilization on the rocket 
does not lead to a disruption of control because, with the appearance of 
banking, there is a simultaneous turning of both the control planes and the 
axes of the measurement coordinate system. At the same time, the turning of 
the axes of the measurement coordinate system relative to the control planes 
(the so-called twisting of the coordinate system) causes the appearance of 
cross connections between the control channels which results in a disruption 
of the normal operation of the control system. 


2. Vane Guidance Method and Pursuit Curve Method 

In the vane guidance method and in guidance along a pursuit curve the 
coherence imposed on the rocket is as follows: during the entire time of 
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Figure 2.7 


guidance the rocket-target line should coincide with the air velocity vector 
(in vane guidance) or the true velocity vector (in guidance along a pursuit 
curve). Both methods coincide when the rocket moves in an unperturbed 
atmosphere. 

Figure 2.7 shows the principal geometrical relations in the case of 
rocket guidance in a vertical plane. The rocket velocity vector v is situated 
at the angle 0 to the horizontal axis o r x er of a nonrotating coordinate system 

whose origin coincides with the center of mass of the rocket and forms the 
angle q with the range vector r. The target moves with the velocity v^_. The 

position of the vector in relation to a nonrotating coordinate system /5? 

o^x^y^, whose origin is at the center of mass of the target, is given by the 

angle 0^. The remaining notations are the same as in figure 2.5. 

By definition the mismatch parameter is equal to 



(2.6.5 


The mismatch equation (2.6.5) also can be written in the form (2.2.3) if 
the angle of inclination e of the range vector and the angle of inclination 0 o: 
the trajectory are used as the stipulated and actual values of the adjustable 
parameters, respectively. Then 


A q = e - 0. 


( 2 . 6 . 6 ) 
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Finally, using the relationship of the angles q, y and a it also is pos¬ 
sible to obtain the following form of writing the mismatch equation for the 
vane guidance method 



Y + a 


( 2 . 6 . 7 ) 


Different variants of technical design of a coordinator are possible in 
the vane guidance method in accordance with the different forms of writing of 
the mismatch equation. In a coordinator with a power vane, the antenna of the 
electronic angle-measuring instrument is set on a platform which is movable 
relative to the body of the rocket. The angular position of the platform is 
changed by a servosystem whose transducer is the vane apparatus. The vane is 
a plate which is oriented freely in the oncoming flow (in the direction of the 
rocket air velocity vector). The turning angles of the plate are determined 
by a potentiometer. The voltage from the potentiometer is used as a control¬ 
ling signal of the servosystem. Since the plate of the vane is set in the 
oncoming flow, the axis of the antenna of the angle-measuring instrument also 
vill be set in the direction of the vector v. The signals from the output of 
the electronic angle-measuring apparatus, proportional to the deviation of the 
target from the axis of the antenna system, act through the automatic pilot on 

the control surfaces of the rocket. This coordinator forms the mismatch param¬ 

eter in accordance with formula (2.6.5). 

With transition of rocket control in a single plane to its control in 
space it is necessary, as in the direct guidance method, to have matching of 
the axes of the measurement coordinate system and the control planes. If /58 
there is such matching, the controlling signals sent to the control surfaces 

vill be proportional to the corresponding components of the mismatch parameter 

and A and the mismatch parameter itself, in the case of small angles q z 

fi-td q^., can be written in the form 


A q = q z + Jq y . 


( 2 . 6 . 8 ) 


The coordinator measuring the mismatch parameter in two mutually perpen- 
iicular planes in accordance with formula (2.6.7) consists of an electronic 
ir-gle-measuring apparatus whose antenna is fixed relative to the body of the 
socket and is oriented along its longitudinal axis and transducers for the 
mgles of attack and slip. Vane apparatus or accelerometers can be used as 
transducers for the angles of attack a and slip a g . Since such a coordinator 

contains two types of measuring instruments, it is necessary that their coor- 
Hr.ate measurement systems be matched with one another and with the control 
lanes of the rocket. Satisfaction of the matching conditions makes it pos¬ 
able to represent the mismatch parameter in the complex form 


A q = ( ^ z + a s ) + J(v y + a)- 


( 2 . 6 . 9 ) 
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The so-called method of guidance with a constant deflection angle is 
related closely to the vane method; in essence it is a further development of 
the vane method. In rocket guidance by the constant angle of deflection 
method it is necessary that some constant, earlier set angle q^ be maintained 

between the vectors r and v. The mismatch equation for one control plane has 
the form 


\ = Q ° " 


( 2 . 6 . 10 ) 


The realization of the constant deflection angle guidance method is possible 
using the same apparatus as for the vane method. The deflection angle is set 
either by additional turning of the antenna by the value q Q or by the intro¬ 
duction into the measured value of the mismatch parameter of an additional 
signal proportional to qQ. 

3. Parallel Approach Method 

In the parallel approach method in the guidance process, the rocket-target 
line remains parallel to its initial position. When this requirement is 
satisfied the relative velocity vector of the rocket, equal to v^ = v - v^., 
will be directed at the target. 

The mismatch equation for the motion of the rocket and target in a /^9 
single plane is written as the condition of plane-parallel movement of the 
range vector r, that is 


= e, 


(2.6.11) 


where e is the angular velocity of rotation of the rocket-target line (range 
vector). 

The parallel approach method is one of the deflection guidance methods. 

The required law of change of the angle of deflection can be obtained from the 
condition of equality of the projections of the velocity vector of the rocket 
and the velocity vector of the target onto the normal to the rocket-target line 
(fig. 2.7). Then 


v sin q T = v t sin q t . (2.6.12 

Here is the required deflection angle and q^ is the angle between the con¬ 
tinuation of the rocket-target line and the velocity vector of the target. 
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By solving equation (2.6.12) relative to we obtain 


q^, e arc sin 


(v sln 0 


(2.6.13) 


The mismatch equation is reduced to the form (2.2.3) if it is assumed that 
h t = e - q T and = 9, 


A* = e - arc sin 
€ 


Gr sin q t) - e - 


(2.6.1k) 


In the practical realization of a coordinator for a rocket guided by the 
parallel approach method, it is preferable to use the mismatch equation 
(2.6.11). This means that the coordinator should measure the angular velocity 
of rotation of the range vector. As will be pointed out in chapter 3> the 
angular velocity of rotation of the rocket-target line can be measured with an 
electronic tracking angle-measuring instrument. Such a coordinator automati¬ 
cally tracks the target in direction, regardless of the motion of the body of 
the rocket. 

When setting the necessary orientation of the axes of the measurement 
coordinate system the following complex form of writing the mismatch parameter 
is correct 


A. 

e 


! z + 


(2.6.15) 


where e z and e are the components of angular velocity of the rocket-target 
line in the corresponding control planes. 


k. Proportional Guidance Method 

The proportional guidance method requires that the angular velocity of 
rotation of the velocity vector of the rocket be proportional to the angular 
velocity of rotation of the rocket-target line. During guidance of a 
rocket in a vertical plane the mismatch equation has the form 


A- = ae 
6 


- o, 


(2.6.16) 


where a is the proportionality factor. 
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The first terra on the right-hand side of equation (2.6.16) represents the 
required value of the adjusted value = ae and the second its real value 
h q = 0. 


Proportional homing, like parallel approach, is one of the group of con¬ 
trol methods with a variable deflection angle. In the case of ideal guidance, 
the law of change of the required deflection angle q^, is determined from equa¬ 
tion (2.6.16) if it is assumed in it that A* = 0. Then 

U 

q T = (1 - a)e. 


In contrast to the parallel approach method, whose ideal satisfaction 
requires of the control system an instantaneous elimination of the rotation of 
the rocket-target line, in proportional guidance the requirements on the con¬ 
trol system are less rigorous because its role essentially involves only a 
decrease of the angular velocity of rotation of the line of sighting. 

Measurement of the mismatch parameter in rocket guidance by the discussed 
method is accomplished by a coordinator which contains two types of measuring 
devices. One of these is an electronic scanning angle-measuring instrument 
which measures the angular velocity of the rocket-target line and the second 
measures the angular velocity of rotation of the velocity vector of the rocket. 
Such a measuring device can be designed on the basis of a normal acceleration 
sensor (accelerometer). 

The mismatch parameter during the guidance of a rocket in space is written 
in the form 


A 0 = ( a ®z - 0 Z ) + <5(ae y - ^y) • 


(2.6.17) 


Formula (2.6.17) is correct provided there is matching of the measurement 
coordinate systems with the control planes. 

We note in conclusion that equation (2.6.16) is the most general form of 
the mismatch equation for those two-point guidance methods in which coherence 
is imposed on the position of the velocity vector of the rocket. 

In actuality, by integrating (2.6.16) we obtain 


A 9 ' ae - 9 + ’o' 


(2.6.18) 


where q^ is the integration constant. 
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When a = 1 and 



the expression ( 2 . 6 . 18 ) represents the mismatch 


equation for the vane guidance method, and when = const and a = 1, for the 


roethod of guidance with a constant deflection angle. Finally, the ideal 
coherence equation for the parallel approach method e = 0 is obtained from 
the ideal coherence equation for the proportional guidance method if it is 
assumed in the latter that a = 00 . 


/6l 


2.7. Kinematic Equations for Two-Point Guidance Methods 

The role of kinematic equations in the guidance of rockets along unfixed 
trajectories differs somewhat from their role in guidance systems for fixed 
trajectories. We recall that in the guidance of rockets along fixed trajec¬ 
tories the functions of the kinematic relations were reduced to the formation 
of the real value of the adjustable value on the basis of data characterizing 
the flight trajectory of the rocket, and the stipulated value of the adjustable 
value remained constant or was changed in accordance with the program. In the 
case of a moving target or a moving control point, which is characteristic of 
guidance methods for unfixed trajectories, the kinematic equations are used for 
forming both the real and the stipulated values of the adjustable value. 

The relative movement of two points (rocket and target), moving in the 
same plane with the velocities v and v^ (fig. 2.7) is described by the follow¬ 
ing kinematic equations 


r = v^ cos q^—vcosq, 
re = v sin q — sin q t , 
q = e — B, 

<7 t = e -e t 


( 2 . 7 . 1 ) 


or 


r = v^ cos (e — G|.) — v cos (e — 0), 

• _ v sin (e — 0) — vt sin (e — &t) 

r 


(2.7.2) 


The first equation of system (2.7*2) establishes the dependence of the 
velocity of approach of the rocket to the target on the velocities of the 
rocket and target and their orientation relative to the range vector. The sec¬ 
ond equation defines the angular velocity of the rotation of the rocket-target 
line as a function of the values and orientation of the velocity vectors of the 
rocket and target and also the distance between them. 


The qualitative aspect of the process of formation of the mismatch param¬ 
eter for any guidance method can be traced by limiting ourselves to the case of 
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small angular deviations of the velocity vectors of the rocket and target rela¬ 
tive to the range vector. Assuming that cos(e - 0) » 1, cos(e - 0^_) 1, /62 

sin(e - 0) « e - 0 and sin(e - 0^) « e - 0^_, we obtain 

r = v t - v, (2.7.3) 

re = v(e - 0) - v t (e - 0 t ). (2.7.1) 

We transform (2.7-1) to the form 

re + (v t - v)e = v^0 t - v0. (2.7*5) 


After replacing the difference v. - v by its value from (2.7-3) ve find 

that 


re + re = v t 0 t - v0. 


( 2 . 7 . 6 ) 


But 


Then 


re + re = 


d(re) 
dt • 


d(re) 


dt 


Vt- 


V0, 


(2.7-7) 


or, using the symbolic form of writing, we finally find 



( 2 - 7 . 8 ) 


On the basis of equations (2.7.8), (2.6.2) and (2.6.6), figure 2.8 shows 
block diagrams illustrating the process of determination of the mismatch 

parameters A and A . 

Y 1 


We will note some special features of these diagrams. As follows from 
figure 2.8, the kinematic relations for two-point guidance methods break down 

v t 

into three links. One of them, with the transfer function W rt .(D) = —, trans- 

’ 0t' D 

forms the external control effect of the guidance system, which in the 
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Figure 2.8 


considered case is the inclination of the trajectory of the target 0^. The 

two others, with the transfer constant k = — and the transfer function 

9 r r 

W (D) = —, enter the control circuit, changing its properties. A particularly 
0 D 

strong influence is exerted by the link with a transfer constant inversely pro¬ 
portional to the rocket-target range. A sharp increase of this constant near 
the target can cause the control system to be incapable of processing the rapid 
increase of the value of the mismatch parameter and the guidance process /63 
will be disrupted until the rocket reaches the target. 

Diagrams similar to figure 2.8 are easy to obtain for the parallel ap¬ 
proach and proportional guidance methods as well. This requires differentia¬ 
tion of expression (2.7.6) for time and multiplication of the resulting equa¬ 
tion by range r. Then we will have 


d(r 2 e) 

dt 


v t r ®t " vr ®* 


(2.7.9) 


In the derivation of (2.7.9) it was assumed that the velocities of the 
rocket and target are constant. 

Figure 2.9 shows block diagrams of the formation of the mismatch param¬ 
eters A* and Aa. The mismatch equations (2.6.11) and (2.6.16) were used in 

constructing the diagrams, as well as expression (2.7.9). Here, as in the 
preceding case, the kinematic relations are represented by several links, part 
of which are external in relation to the control system, while others enter 
directly into the guidance circuit, determining its properties. 








As follows from figures 2.8 and 2.9, the pattern of change of the con¬ 
trolling effect in two-point guidance methods, that is, the dependence € = e(t), 
can be determined if the law of change of the angle 0 = 0(t) is determined 
while using a specific hypothesis concerning the motion of the target. This 
law is found, in turn, by solution of a full system of equations describing the 
guidance process. The rocket flight trajectory is determined from their solu¬ 
tion. On the basis of the known rocket trajectory it is easy to establish the 
character of the change of the controlling effect and, therefore, be able to 
formulate requirements on the dynamic properties of the coordinator. 

The complexity of analysis of a full system of equations of motion of a 
rocket forces us to seek ways to simplify it. Such simplification is possible 
if a number of assumptions are made, related to idealization of the operation 
of the control system. These assumptions are essentially as follows. 

First, the process of motion of the rocket to its target is broken down 
into the two components of motion: motion of the center of mass of the rocket 
and rotation of the rocket about its center of mass. This separation is based 
on the considerable difference in the duration of the transient processes of 
the mentioned types of motion. 

In investigations of the motion of the center of mass, which is the / 6k 
most interesting from the point of view of tactical use of a rocket, and the 
overloads acting upon it in flight, the transient processes of angular motions 
can be neglected. From the physical point of view this assumption is equiva¬ 
lent to the assumption of an instantaneous determination of the angles of 
attack and slip at the time of a sudden feeding of a control command. 

In addition, the assumption is made frequently that there is a constancy 
of rocket velocity during the guidance process. This assumption is based on 
the fact that in a relatively short time of rocket flight the value v, computed 
in advance, changes insignificantly. 

It is assumed further that the apparatus of the control system is inertia¬ 
less and that the coherence imposed on the rocket motion is maintained absolute¬ 
ly precisely. Such an assumption leads to insignificant deviations of the 
trajectory of motion from that which would be obtained taking into account the 
real mismatch parameters because,in a properly constructed control system, the 
values A differ little from zero. 

When these assumptions are taken into account it becomes possible for some 
(reference) guidance systems to compute purely kinematic trajectories, that is, 
trajectories computed solely on the basis of kinematic equations. 

A knowledge of kinematic trajectories makes it possible to determine the 
required overloads for carrying out the maneuver associated with the guidance 
method used and, thereby, establish the applicability of a particular guidance 
method under specific tactical conditions. 

The determination of kinematic trajectories is accomplished by solution of* 
the system of equations (2.7.2). These equations contain six variables. Three 
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of them—rocket velocity v, target velocity and the inclination of the tar¬ 
get trajectory 9 —can be considered stipulated, since the rocket velocity is 

known and the values and G ^ are fixed by the hypothesis on motion of the 
target used. 

Still another equation should be added for determination of the remaining 
three unknowns of system (2.7-2). With the assumptions made above this equa¬ 
tion will be the equation of ideal coherence for the guidance method used. 

For example, in the vane guidance method system (2.7.2) is # supplemented by the 
equation q = e - Q = 0, for the parallel approach method e = 0 and for the 
proportional guidance method G = ae. The situation is somewhat more complex in 
the solution of the kinematic equations for the direct guidance method because 
there, in the ideal coherence equation (y = 0), there is a variable not present 
in system (2.7-2). Therefore, in this case still another equation is added 
vhich relates the variable y to the used systems of equations (2.7.2). 

After a closed system of equations has been derived for each guidance 
method it can be solved by some method relative to the unknowns r and e, there¬ 
by determining the kinematic (reference) trajectory of the rocket. The /6^ 
reference trajectories will be different for different guidance methods and 
the assumed initial conditions. 

Since the kinematic equations are nonlinear differential equations, their 
analytical solution can be obtained only for some special cases. However, even 
’•hen such a solution is possible, the trajectory is given by the expression 
r = f(e), which makes its determination difficult. Therefore, very frequently 
it is necessary to have recourse to a graphic method for determination of the 
kinematic trajectories. Such a method is simple and graphic. 

We will begin with the vane guidance method. It is easy to demonstrate 
that if the target is fixed and there is no initial error in aiming, the 
cinematic trajectory is a straight line connecting the launching point of the 
rocket and the target. We will consider the case of a moving target. Assume 
the target trajectory is given by the curve T Q T k (fig. 2.10). The points T Q 

—d Rq correspond to the initial position of the target and rocket. The veloci¬ 
ties of the rocket and target will be assumed constant and equal to v and v^. 

•e divide the curve T_T, into the segments TT,TT,TT, etc., travelled 
: 7 the target in the equal Intervals of time At. 

If these intervals are quite small, it can be assumed that during each 
—oh interval the rocket moves linearly. The position of the linear segments 
of the trajectory are determined in the following way. The points of the 
initial position of the rocket and target T and are connected by a straight 
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Figure 2.10 


T 0 Ti 

line on which the segment = vAt is laid off. Since At = —-—, then 

t 


R o R i - v; Vr 

When the rocket reaches point R-^, the target is in the position T^. There¬ 


fore, the next segment of the rocket trajectory R^R^ = — T^T^ is on 

the straight line R T^. Continuing the construction further, we successively 

find points R , R , R , etc., and by connecting them by a smooth curve we ob- 

3^5 

tain the kinematic trajectory of the rocket. The constructed trajectory makes 
it possible to draw a curve of the dependence of inclination e and the values of 
the range vector r on time. 


In an evaluation of the tactical possibilities which the vane guidance /66 
method presents, we use some results of an analytical solution of kinematic 
equations obtained for the uniform and linear flight of a target given in 
reference 3- Under the mentioned conditions the value of the range vector r is 
related to the angle (fig. 2.7) by the following expression 


(sin q t ) 2 
(1 + cos 


( 2 . 7 . 10 ) 


where k _ is a constant coefficient determined by the initial values of the 

Va 

range r and the angle q , equal to 
0 to 


k 


va 


(1 + cos q t0 ) q 

k c " !’ 

(sin q tQ ) q 
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k = — is the ratio of the velocities of the rocket and target, 
q v t 


Formula (2.7.10) is correct for angles q ^ differing from 0 and jt. 

Analysis of expression (2.7-10) shows that with approach of the rocket to 
the target (r -» 0) the angle tends to zero. Therefore, whatever the initial 

values of the angle q. n (except q = it), at the end of rocket guidance the 

tU XU 

rocket will approach the target from the rear hemisphere. 


The required value of normal acceleration during rocket flight along a 
kinematic trajectory is expressed by the formula 


J 


n 




(2.7.11) 


Since upon reaching the target r = 0 and = 0, in order to obtain the lim¬ 
iting values of acceleration it is necessary to remove uncertainty. This can 
be done by substituting into (2.7.11) the value r from (2.7.10) and tending 
to zero. Then 


when 

when 

when 


1 < k q < 2 

b — 9 

k„> 2 


llm/„ = 0, 

II = 

0 A v a 

lim j„=<r. 




( 2 . 7 . 12 ) 


It follows from an analysis of formula (2.7.11) and relations (2. 7 .12) 
that in the vane guidance method the law of change of the required accelera¬ 
tions in the process of approach of the rocket to the target is dependent on 
the value k . For example, if 1 < k <2, the required acceleration increases 


at first and then tends to zero; when k = 2 it increases monotonically but 

4v y t q 

ioes not exceed the value -; finally, when k > 2 the required acceleration 

^va ^ 

at the time of the approach of the rocket to the target tends to infinity. /c7 
However, it can happen that in all three cases the required acceleration, 
at some stage of the approach, will be greater than intended. Then the rocket 
vill depart from the pursuit trajectory and will move in a circle with a radius 
equal to the minimum radius of curvature, determined by the available accelera¬ 
tion of the particular rocket. If the maneuver of the target becomes compli¬ 
cated, the trajectories become still less favorable from the point of view of 
the required accelerations. 
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In summary it can be said that the vane method gives applicable results 
only when the rocket is guided toward slowly moving and fixed targets. 

Expression (2.6.13) is used for determination of the kinematic trajectory 
of a rocket guided by the parallel approach method toward a uniformly and 
linearly moving target. Assuming v = const and q = const (conditions of 

"C u 

uniform and linear motion of a target when e = 0), and also v = const, we con¬ 
firm that the required deflection angle is constant. Therefore, the rocket 
moves toward the target in a linear trajectory (fig. 2.11) and the necessary 
transverse acceleration is equal to zero. The rocket hits the target at 
point M. 


In the case of arbitrary motion of the target the rocket trajectory is 
easily determined graphically. For this purpose, we will assume that the tar¬ 
get moves along curve T..T, at the constant velocity v + (fig. 2.12). We 

Ok x 

divide curve T n T, into segments T T , T T , etc., travelled by the target in 

UK 0 112 

quite short intervals of time At. The initial position of the rocket is 
denoted R Q . Since in the case of ideal guidance the line T Q R 0 moves parallel 

to itself, we draw rays from the points T^, T^, T^, which are parallel to 

TqRq. The rocket should be situated on these rays after the lapse of time 

intervals equal to At, 2At, 3^t, etc. 

In order to determine the position which the rocket occupies after the /68 
time At, we draw a circle with the radius R = vAt with point R^ as its center. 

The intersection of the circle with the ray emerging from point T^ gives the 

position of the rocket (point R^) occupied by it after the time lapse At. 
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Point Rg the trajectory will be determined in a similar way if point is 

used as the center of the circle. The remaining points of the trajectory are 
determined in a similar way. 

By comparing figures 2.10 and 2.12 it is easy to confirm that, for the 
same form of target maneuver, the curvature of the trajectory of a rocket 
guided by the parallel approach method will be considerably less than when the 
vane method is used. 


It can be demonstrated that for an arbitrary maneuver of the target the 
following equation applies 


j 


n 


^t 


cos 

cos q T 


(2.7.13) 


vhere j is the required normal acceleration of the rocket and j. is the normal 
n o 

acceleration of the target. 

According to expression (2.6.12), v sin q^ = v^ sin q^.. But v > v^, and 

therefore q^ < q t . We then find from ( 2 . 7 . 13 ) that j R < J t , that is, the 

normal accelerations required for guidance of a rocket by the parallel approach 
method do not exceed the normal accelerations of the target. The parallel 
approach method, therefore, can be used successfully for guiding rockets toward 
rapidly moving targets. 

With respect to its kinematic properties, the proportional guidance method 
occupies an intermediate position between the vane and parallel approach guid¬ 
ance methods. 

It is known (ref. 3) that in the case of a linear and uniform motion of a 
target, when the proportionality factor is a = 2 ( 2 . 6 . 16 ), the acceleration j 
vill be a finite value if the following condition is satisfied 

k q cos ^o + q tCp S lf (2.7.1^) 

vhere qQ and q^ are the deflection angles of the rocket and target at launch¬ 
ing time. 

As follows from the inequality (2.7-14), the condition that there be a 
finite value of the required accelerations is less rigorous here than in the 
vane guidance method. With an increase of the proportionality factor a, the 
value of the required accelerations decreases. However, with an increase of a 
there is an increase of fluctuation errors and therefore the factor a usually 
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is assigned the value 2-5. The proportional guidance method is used when 
guiding rockets toward rapidly moving targets. 

In the direct guidance method the adjustable value is the position of the 
longitudinal axis of the rocket and its trajectory is determined by the direc¬ 
tion of the velocity vector, which in a general case does not coincide with 
the direction of the longitudinal axis. The reference trajectory of the 
rocket, even in the case of a fixed target, therefore is a rather complex /69 

curve known as a hyperbolic spiral (ref. l). The curvature of the hyperbolic 
spiral increases with the approach of the moving point of this curve to the 
target. When the radius of curvature of the reference trajectory becomes less 
than the minimum radius of turning of the rocket a flight in a spiral is 

impossible and the rocket flies in a circle of the radius P r ^ . 

Thus, in the direct rocket guidance method, even for guidance to a fixed 
target with an ideally operating control system, a precise hit is impossible. 

The rocket miss is dependent on the initial aiming errors, the minimum turning 
radius of the rocket P r m ^ n and the initial launching range r^. It decreases 

with an increase of r^ and also with a decrease of aiming errors and p 

u r min 

Computations show that, in the case of real values of the mentioned parameters, 
the miss does not exceed several tens of meters. The direct method therefore 
can be used for rocket guidance to fixed and slowly moving targets of relative¬ 
ly large size. An advantage of this method, encouraging its use, is the sim¬ 
plicity of the guidance apparatus aboard the rocket. 


2.8. Three-Point Guidance Methods 

Three-point methods are used when the guidance system includes a control 
point which is situated on Earth or on a moving object (rocket-carrying air¬ 
craft, surface vessel, etc.). 

Three-point guidance methods, like two-point methods, can be divided into 
two groups. The first group includes guidance without deflection when the 
control system holds the rocket on a straight line passing through the control 
point and the target. The second group includes methods of guidance with 
deflection when the control system makes the center of mass of the rocket 
coincide with a line connecting the control point to some deflected point, 
selected in such a way that at the end of the guidance process the target is 
situated at this point. The laws which determine the deflection of the 
rocket can be very different. Below, as an example, we will consider two 
three-point guidance methods: the matching method and the parallel approach 
method, in which the deflection law is selected in such a way that the rocket 
moves toward the target in a parallel approach trajectory. 
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1. Matching Method 

In the matching method it is required that the center of mass of the 
rocket remain on the line connecting the control point to the target during 
the guidance process. Figure 2.13 shows a nonrotating coordinate system 
° x y . situated in a vertical plane. Its origin o coincides with the /70 

Q 0 C 0 C C 

control point. The position of the target in the mentioned coordinate system 
is determined by the range r^ and the angle e^_ and the position of the rocket 

is determined by the range r r and the angle e^. The angle represents the 

difference of the angles characterizing the direction to the target and to the 
rocket. The lateral deflection of the rocket from the target range vector is 
denoted h. 

In accordance with the definition of the matching method the mismatch 
equation has the form 


A 


e l 


e 


1 * 


( 2 . 8 . 1 ) 


Writing the mismatch equation in the form (2.2.3) we will have 


N ' 't - S r 


( 2 . 8 . 2 ) 


Here the angle represents the theoretical value of the adjustable value 

h_ = e and the angle e is its real value (h, = e_). 
it I or 

Sometimes as a mismatch parameter it is desirable to have the linear rather 
than the angular deflection of the rocket from the control point-target line. 
Then the mismatch equation can be written as 


A h = h. 


( 2 . 8 . 3 ) 


The following approximate equation is correct for small angles 


e 


1 


A 


h 


A r . 
ei r 


(2.8.h) 


Proceeding on the basis of the mismatch equations (2.8.1) and (2.8.2) we 
ca: ltaignate the makeup of the measuring devices entering into the coordinator 
of t.-o rocket control system in the matching method. Two coordinator variants 
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c 

Figure 2.13 

are possible when measuring the mismatch parameter at a control point. In the 

first variant the coordinator includes two angle-measuring devices. One of 

them is for automatic tracking of the target in direction and measures the 

angle e,; the other automatically tracks the rocket and measures the angle € . 
t r 

The coordinator computer calculates the difference in the measured values. In 
the second variant the coordinator consists of one angle-measuring instrument 
which operates on the "groups” method (see section 5-3) and which directly 
measures the difference of the angles - e^. 

When measuring the mismatch parameter for the rocket, one part of the 
apparatus is situated at the control point and the other on the rocket. The 
apparatus at the control point in this case consists of an automatic angle- /71 
measuring instrument operating in a conical scanning regime and tracking the 
target in angular coordinates. In this operating regime of the angle-measuring 
instrument an equisignal direction is created in space, coinciding in the case 
of ideal operation of the angle-measuring instrument with the control point- 
target line. The departure of the rocket from the control point-target line, 
proportional to the angle e^, is measured aboard the rocket. 

If it is necessary to measure the linear deviation of the rocket from the 
control point-target line, it is sufficient to multiply the measured value of 
the angle by the distance between the control point and the rocket. This 

distance usually is introduced by a programming mechanism which is cut in at 
the time of the rocket launching. 

For measurement of the mismatch parameter during the motion of the rocket 
in space it is convenient to introduce the measurement coordinate system 
° c Xmy m z m> w ^ ose origin coincides with the control point, and the axis o c x m is 

directed along the control point-target line. The axes o y and o z are 

situated in the vertical and horizontal (or inclined) planes, respectively. 
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If the mismatch parameter is measured on the rocket, measures should be 
taken to match the positions of the axes of the measurement coordinate system 
vith the control planes. This usually is done by introducing gyrostabilization 
of the axes of the measurement coordinate system related to the control point 
in a case when the latter is moving and the banking of the rocket is stabilized. 

When these measures are taken it is easy to write the mismatch equation in 
the complex form 


A «1 = e iz + Je iy> 

vhere e^ z and e-jy. are the components of the mismatch parameter in the corre¬ 
sponding deflection planes. 


2. Parallel Approach Method 

As in the case of two-point guidance, the parallel approach method re¬ 
quires that, in the process of rocket guidance, the rocket-target line moves 
parallel to the initial position of this line. Figure 2.14 shows the geometric 
relations when guiding a rocket in the vertical plane. Other than the angle e 
between the rocket-target line and the axis ° c x ec , and the angle determining 

the direction of the vector r r in the case of ideal rocket guidance, the nota¬ 
tions used here are the same as in figure 2.13. 

Several variants of the mismatch equation can be derived for use in the 
parallel approach method. For example, the following form of the mismatch 
parameter was proposed in reference 2 


A 



€. 


(2.8.5) 


In accordance with expression (2.8.5), the coordinator apparatus /7 

should measure the distance between the rocket and the target, the velocity 
of the rocket and the angular velocity of the rocket-target line. Measurement 
of the value e at the control point is the most difficult problem. 

A somewhat different approach to derivation of the mismatch equation for 
the parallel approach method in the case of three-point guidance also is pos¬ 
sible. We will determine what law should be used to measure the angle in 
order for the rocket to move along a parallel approach trajectory. 


From the triangle o c RT we find 


sin 6^ sin (e - e^) 
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Hence 


e = arcsin sin (s — 


( 2 . 8 . 6 ) 


If it is now required that the angle e be constant during the entire time 
of guidance and equal to the value which it had at the time when the rocket was 
put into the parallel approach trajectory, that is, e = e^, the expression 

(2.8.6) determines the theoretical value of the deflection angle e . Then the 
angle e K will be equal to 


K 


= £ t - arcsin [71 sin - *t)] • 


(2.8.7) 


When equation ( 2 . 8 . 7 ) is satisfied the rocket will be guided by the paral¬ 
lel approach method. 


The mismatch parameter is determined as the difference between the theo¬ 
retical value of the inclination of the vector r r (k^ = ^) and its actual 

value h = e . Then for the angular and linear deflections we will have 
o r 


a; 


r 


s t~ s r - arcsin [-- sin (s 0 - , 

A/, = A=rr A;. 

r • 


( 2 . 8 . 8 ) 


The design of coordinators measuring the mismatch parameters determined by 
formulas (2.8.8) is a relatively complex problem. Expressions (2.8.8) can be 
simplified if the following approximations are made 

sin (sq sin s, T £ JT 
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and 


r a* r, - r . 
t r 


It then is possible to obtain 


til 


A. = e t - e r - 


r+ - r„ 


( e o - 


e t>* 


( 2 . 8 . 9 ) 


When forming the mismatch parameter on the basis of expression (2.8.9) the 
rocket flight trajectory will be the closer to a parallel approach trajectory 
the more precisely the approximations made above are satisfied. 

Formula (2.8.9) makes it possible to judge the makeup of the measuring 
instruments included in the coordinator. It should contain angle-measuring 
instruments for measurement of the angles and e r , and range finders for 

measuring the distances r^ and r r . The coordinator computer should perform 

relatively simple transformations of the measured values in accordance with 
formula (2.8.9). 

If it is necessary to determine the mismatch parameter characterizing the 
linear deflection of the rocket from its reference trajectory it is sufficient 
to multiply A. by the range r . The latter usually is fixed by the programming 

mechanism r = r r , The mismatch equation in linear deflections has the form 


A h = h = A*r pr = r pr (e t - « r ) - (r t - r r )(e 0 - « t ). (2.8.10) 


If the motion of the rocket in space is considered, the mismatch equations 
for the parallel approach method, as in the preceding case, can be represented 
in the complex form. 


2.9. Kinematic Equations for Three-Point 
Guidance Methods 

The kinematic equations for three-point guidance methods characterize the 
motion of the target and rocket relative to the control point. By analyzing 
the kinematic equations, it is possible to trace the process of formation of 
the mismatch parameter and establish the applicability of a particular guidance 
method for specific tactical conditions. 
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If the control point (such as a rocket-carrying aircraft), rocket and 
target move in a single (vertical) plane, the kinematic equations have the fol¬ 
lowing form 


r^= v^. cos q^— v c cos q e . 
r t e t =v c sinq,. — i^sin^ 
r r =vcosq r - v c cosq lc , 
r r s r =v c sinq lc - -usinv r 


where 


^ r =«r- e > 

«t =# t“^ 

Qc — ®c» 

<hc = * r 


(2.9.1) 


U it 


( 2 . 9 . 2 ) 


The notations used in equations (2.9.1) and (2.9.2) are explained by 

figure 2.15. Here ox y , o x v and o,x ,y , are nonrotating coordinate 

c ec ec r er^ er t ex ex 

systems whose axes are parallel to the axes of a ground coordinate system and 
the origins of these coordinate systems coincide with the control point o and 
the centers of mass of the rocket R and the target T, respectively. L 

As an illustration of the formation of the mismatch parameters in the 

matching and parallel approach method, we will limit ourselves to the case of 

small angles q , q., q and q n , when the sines of these angles can be replaced 
r x c J_c 

by their arguments and the cosines by unity. 
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Then in place of equations (2.9.1) and (2.9.2) we obtain 


r t =v t -v c , 
r r = v — v c , 

r t 8 t = (« t “ «c) - ® t (« t - « t ). 

r T e T = v c (e r - 8 C ) - v(e r - 0). 


(2.9.3) 


Making transformations in (2.9.3) similar to those which were made in 
deriving formula (2.7.7 ), we will have 


d(r t e t> „„ 

d(r„e_) 

L^-EL = v 9 -vA- 


(2.9-b) 


If the mismatch equation (2.8.2) is added to the expressions (2.9.M, the 
block diagram of the formation of the mismatch parameter for the matching 
method can be constructed (fig. 2.l6). The controlling effects for the /75 

system of equations will be the changes of the angles 0^ and @ c character¬ 
izing the motion of the target and the rocket-carrying aircraft. The angle 0, 
determining the trajectory of the rocket, appears as a feedback signal during 
the formation of the mismatch parameter A_ . Changes of the ranges r. and r_ 

lead to changes of the controlling effects and the parameters of the guidance 
circuits, respectively. In contrast to two-point guidance methods, where the 
link entering into the guidance circuit and having the transfer constant l/r 
increases the amplification of the system as the rocket approaches the target, 
here the same link decreases the amplification of the system since with 
approach of the rocket to the target r r increases. 

The block diagram of the formation of the mismatch parameter in the paral¬ 
lel approach method can be obtained if the equations (2.9.k) are supplemented 
by the mismatch equation (2.8.9). This block diagram is shown as figure 2.17. 
In contrast to the preceding diagram there is an additional link here with a 
variable transfer constant dependent on the rocket-target range. The amplifi¬ 
cation of this link decreases to zero when r = r,. 

r t 

In order to determine the kinematic trajectories it is necessary to solve 
a full system of equations (2.9.1) with the addition to it of the ideal coher¬ 
ence equation for* that guidance method for which the trajectory is determined. 
In a number of cases it is- simpler and more graphic to have a graphic deter¬ 
mination of the kinematic trajectories* We now will cite an example of such a 
construction for the matching method. The essence of the graphic method of 
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Figure 2.1 6 


Figure 2.17 


construction of a trajectory is as follows. The first step is to plot the 
trajectories of the proposed motion of the control point (curve in 

figure 2 . 18 ) and the possible motion of the target (curve T T ). The entire 

interval C-C, and TJT, is broken down into sectors corresponding to the flight 
0 k 0 k 

of the target and control point during the time At. The straight lines C T , 

0 0 

C^T^, etc., thus constitute lines of sight. 

At launching time (t = 0) the rocket is situated at point R^ coinciding 

with C Q . When t = At the rocket travels the distance R = vAt from point C^. 

During this time the control point, moving with the velocity v , moves to the 

point and the target occupies the position T^. Since A e ^ = 0 in guidance 

by the matching method, at the time t = At the rocket should be situated on /76 
the ray C^T^. 

Thus, point R^ (the position of the rocket on the line of sight C T ) can 

be determined as the point of intersection of a circle of the radius R = vAt 
with its center at point Cq and the straight line C^T^. 

The positions of the rocket on the straight lines C^T^, C^T^, ... are 

determined in a similar way: successively, from the points R , R^, ..., circles 

with the radii vAt are drawn to the intersection with the straight lines C T , 

C T , ... 22 

3 3 

The resulting curve R^, R^, R^, ... T^ characterizes the kinematic trajec¬ 
tory of motion of the rocket when its guidance is by the matching method. By 
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Figure 2.18 


employing the curves shown in figure 2 . 18 , it is easy to determine the required 
normal accelerations because, as is well known, 



(2.9-5) 


•here R cu is the radius of curvature of the trajectory, determined using the 
--rve in figure 2.l8. 

By using expression (2.9-5) it is possible to find the functional depen¬ 
dence of j^ on time for different characters of motion of the target and the 

control point. 

After analyzing the trajectories of rocket motion for guidance by the 
matching method, it can be concluded that they are essentially dependent on /77 
the character of flight not only of the target but also the motion of the 
control point. Usually the applicable value of the required accelerations is 
detained only in a case when the attack of the moving target is made from the 
rear hemisphere. This fact limits the tactical possibilities of applying the 
matching method. 

The graphic construction of the kinematic trajectory for the parallel 
approach method is accomplished using the same rules as in two-point guidance. 
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2.10. Perturbations Affecting the Coordinators 

In evaluating the accuracy of measurement of the mismatch parameter by the 
control system coordinator, it is important to determine not only the errors 
caused by inexact reproduction of the controlling effect* but also the errors 
caused by various kinds of perturbations.. 

With respect to the coordinators, containing electronic devices, the per¬ 
turbing effects are manifested in distortions of the signals carrying informa¬ 
tion on the mismatch parameter* These distortions are caused by various fac¬ 
tors, the most important of which are: 

(1) the instrument noise of the receiving apparatus of the coordinator; 

( 2 ) fluctuations of the amplitude of the signal reflected from the target; 

( 3 ) fluctuations of the apparent or effective center of reflection of the 
target; 

(4) change of the conditions for passage of signals through space; 

( 5 ) artificial interference. 

The signal distortions caused by the instrument noise of the receiver 
usually are insignificant and the errors caused by them during the measurement 
of the mismatch parameter are extremely small. We now will explain the fore¬ 
going in somewhat greater detail. When the coordinator is operating in an 
automatic control system it is necessary to ensure a stable (undisrupted) 
process of measurement of the mismatch parameter. The latter is attained by 
incorporating in the coordinator measuring instruments so-called automatic 
pickups, which cut in the measurement circuit only in a case when there is a 
specified excess of the received signal above the instrument noise of the 
receivers. Under these conditions, the distortions of the received signals by 
the instrument noise of the receivers usually are insignificant. The instru¬ 
ment noise of the receiver should be taken into account when determining the 
effective range of the measuring apparatus because the lower the instrument 
noise, the lower the triggering threshold of the automatic pickup can be set, 
and therefore the measurements will be made with the stipulated accuracy at a 
greater range. 

All the principal targets have a relatively complex geometrical structure 
and as a result the reflected radio signal can be considered as the sum of /78 
the oscillations arriving from a large number of surfaces of different con- ~ 
figuration. These signals, having random amplitudes and phases* create inten¬ 
sifying or attenuating interference effects at the point of reception when 
there is an insignificant change of the relative position of the target, which, 
leads to an appreciable change of the signal at the reception point. 

The most important characteristic of a radar target is its effective 
reflection area S e ^^,. The value characterizing the measure of energy 
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reflected from the target, determines for specified parameters of the system 
tie maximum effective range of the coordinator. 

Since the diagram of reflection from a target is multilobed, the effec¬ 
tive reflecting surface of a target of complex configuration, in a general 
case, changes appreciably in dependence on the aspect of the target. The 
value S e ^ also is dependent on wavelength. Therefore, the mean value 

usually is stipulated, as sometimes also will be the deviation from it in the 
form of the distribution law of the probabilities of the amplitudes of the 
reflected signal. The form of the distribution law can be used to judge the 
reliability of the effective range which will be determined from computations. 

The mean value of the effective reflecting surface of a target and the 
deviations from this value characterize the target as an element in the control 
complex only from the point of view of the selection of the parameters of the 
coordinator ensuring a stipulated effective range of the control system. Also 
of considerable interest is the problem of fluctuations of the amplitudes of a 
reflected signal and the angular fluctuations of the apparent center of reflec¬ 
tion of the target. 


The fluctuations of the amplitudes of the reflected signal are caused by 
the multilobed character of the diagram of reflection from the target, the 
angular velocity of its motion relative to the rocket, and for air targets, the 
values of the frequencies and amplitudes of yawing and banking of the aircraft 
target and the rocket, their vibrations, etc. 


Due to the mentioned fluctuations the strength of the signal arriving at 
the input of the measuring instrument receiver will vary randomly. The 
instantaneous value of the fluctuating signal is given by the noise modulation 
coefficient, representing the ratio of the increment of a random signal AE(t) 

to its mean value E Q , that is, m n (t) = — ^ . 

In many cases it is assumed that the random function m n (t) is stationary 

’■dth a zero mean value and is evaluated by the correlation function R (t) or 

* m 


the spectral density G m (uu). The mentioned statistical characteristics are 


determined experimentally for each type of target. When used in analytical 
computations the experimental curves R (t) and G (ou) are approximated by suit¬ 
able functions. m m 


The normalized correlation function p (t) 

m ' 

ficiently accurately by the expression 




is described suf- 


/79 


Pm(' c ) = e “ |t| cos<•>,*, 


( 2 . 10 . 1 ) 
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Figure 2.20 


where the values a and «u^ are selected from the condition of approximation of 

the approximating function to the experimental curve. 

If the correlation function of a random stationary process is determined, 
the spectral density of this process can be determined analytically as 


G m (®) = 4j R m (t) cos toxrft. 


( 2 . 10 . 2 ) 


For the approximation of the correlation function used above the normalized 

G (oj) 

spectral density g m (u)) = 111 


V°> 


of the noise modulation coefficient is expressed 


using the formula 


gm( m ) 2 [ (o> _ + a2 + 


(co -f- to ,) 2 -|- o 2 




(2.10.3) 


As an example, figures 2.19 and 2.20 show the normalized correlation func¬ 
tion and spectral density of the noise modulation coefficient m n (t) when a = 

24 sec”^ and = 40 sec”^*. 

The measurement errors of the mismatch parameter in a number of cases are 
caused by the angular fluctuations of the apparent center of reflection of “the 
target. The essence of these fluctuations can be clarified very roughly in -the 
following simple example. 

As pointed out, the diagram of reflection from the target has a clearly 
expressed multilobed character. There is a sharp change of the phases of 
reflected signals between adjacent lobes. For example, the phases of the sig¬ 
nals of two adjacent lobes between which the gap attains zero, differ from one 
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Figure 2.21 


another by the angle it. As a result, the front of the reflected wave is /80 
distorted. Figure 2.21 shows part of the idealized diagram of reflection 
from an aircraft. Here the lines a and b conditionally represent the phase 
characteristics of the reflection diagram. If it is assumed that the direction 
to the effective center of reflection of the target is determined by the per¬ 
pendicular to the wave front at the reception point, for the point A the 
apparent center of reflection is displaced to the position B. 

Random angular oscillations of the target lead to disordered changes of 
the front of the reflected wave, and therefore to disordered fluctuations of 
the apparent center of reflection of the target. The fluctuations of the 
apparent center of reflection sometimes are called the angular noise of the 
target, in contrast to the fluctuations of the amplitude of the reflected sig¬ 
nal, which are called amplitude noise. 

Angular noise is given in the form of the angle e n (t), whose value changes 

in conformity to the random law relative to the true direction to the target. 

It can be seen from figure 2.21 that when the movement of the center of reflec¬ 
tion is given in linear measure the angular errors in determination of the 
actual direction to the target, caused by angular fluctuations, will increase 
approximately proportional to the decrease of range. This distinguishes 
angular noise from amplitude noise, whose parameters are insignificantly 
dependent on range, and makes difficult the determination of the statistical 
characteristics of the random function 6 n (t). 

For some constant range r between the measuring instrument and the target 
the spectral density G_(0) of the angle e (t), when uu = 0, sometimes is given 
in the form 


°nl°>=tn(T) a . 


(2.10.4) 


v here L is the linear dimension of the target and k is a coefficient depen- 

en 

dent on the type of antenna of the measuring instrument. 
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A change in the conditions for transmission of signals in space leads to 
a change of the amplitude of the received signal. If these changes transpire 
slowly, they usually are eliminated by the automatic volume control system of 
the receiver. However, an allowance for rapid changes of transmission condi¬ 
tions, caused by the nonstationary absorption of radio waves in the rocket 
engine jet, is made using the same method as when taking into account the am¬ 
plitude fluctuations of a signal reflected from a target. 
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CHAPTER 3. ELECTRONIC COORDINATORS OF HOMING SYSTEMS 


3.1. Functional Diagrams of Electronic 
Coordinators of Homing Systems 

The principal part of the electronic coordinator of homing systems is /8l 
an apparatus for the automatic tracking of the target on the basis of angular 
coordinates. Since the automatic tracking of an isolated target on the basis 
of angular coordinates usually can be accomplished only when using equisignal 
direction-finding methods, making it possible to establish not only the value 
but also the direction of deflection of the target from the equisignal line, 
the coordinators use antenna systems which make possible the creation of such 
an equisignal line. The signal received from the target is fed to an output 
apparatus after amplification in the receiver. 

The antenna, radio receiver and output apparatus form a direction-finding 
apparatus (direction finder) in the coordinator. The mismatch signal at the 
output of the direction finder is a dc voltage in certain limits proportional 
to the angular deflection of the target from the equisignal line. If the tar¬ 
get is situated on the equisignal direction the mismatch signal is equal to 
zero. With a change of the direction of deflection of the target the mismatch 
signal changes its sign. 

In addition to the mentioned principal elements, the direction finder con¬ 
tains a number of additional devices which play an important role in the cor¬ 
rect functioning of the direction-finding apparatus. In particular, these 
include an automatic selector (autoselector). It is known that the satisfac¬ 
tory operation of the mentioned system of automatic tracking of the target in 
direction is attained only in a case when there is tracking of only one target. 
Die to the low resolution possible when using angular coordinates inherent 
in systems having small antennas (and the latter are strictly limited by /82 
the size of the rocket), it is possible for several targets to appear in the 
"angle of view" of the antenna of the direction-finding apparatus. It there¬ 
fore is necessary to introduce an additional selection of signals so that only 
signals from a single target will be detected. The possibility of introducing 
additional selection in electronic coordinators of homing systems distinguishes 
them favorably from coordinators using the thermal radiation of a target. 

The synchronization of the autoselector during active homing is accom¬ 
plished using the signals of a transmitter carried aboard the rocket. In the 
semiactive homing method the autoselector is synchronized by signals received 
from an additional receiver which is connected to an antenna receiving signals 
of the radar set irradiating the target. 

Thus, the direction-finding apparatus of the coordinator produces a mis¬ 
match signal characterizing the deflection of the target from the equisignal 
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Semiactive 



direction. The coordinator contains only one direction-finding apparatus if 
such a signal is adequate for homing, as in the direct guidance method, when 
the control command is proportional to the deflection of the target from the 
longitudinal axis of the rocket. In this case the antenna of the direction- 
finding apparatus is attached rigidly to the body of the rocket and its equi- 
signal direction is oriented along the longitudinal axis. Coordinators of 
this type will be called coordinators with fixed (relative to the body of the 
rocket) equisignal direction or simply fixed coordinators. 

The term "fixed coordinator" is of an arbitrary character and is intro¬ 
duced for brevity in exposition. The term is arbitrary because such a coor¬ 
dinator is mounted on a moving object and moves together with it. The func¬ 
tional diagram of a fixed coordinator is shown in figure 3.1* 

If it is necessary to move the equisignal direction relative to the body 
of the rocket independently of the motion of the latter, the coordinator must 
not only have a direction finder but also a final control mechanism. The final 
control mechanism is designed for movement of the equisignal direction in ac¬ 
cordance with the change of the angular position of the rocket-target line. /83 
Coordinators of this type will be called moving coordinators. Figure 3*2 
shews the functional diagram of a moving coordinator. 

When a moving coordinator is carried on a rocket the control system con¬ 
tains two automatic regulation series circuits. One of them is used for move¬ 
ment of the equisignal direction, performing automatic tracking of the target 
on the basis of angular coordinates, and the second is used for change of the 
position of the axis of the rocket in accordance with the signals received from 
the coordinator. 

Displacement of the equisignal line can be accomplished either mechanical¬ 
ly (by the turning of the antenna) or electrically. In the latter case the 
body of the antenna is attached rigidly to the body of the rocket and the move¬ 
ment of the equisignal line occurs as a result of the change of the electric 
state of individual components of the antenna system. 

We note in conclusion that fixed coordinators usually are used in those 
cases when the guidance method employed does not require the fixing of large 
deflection angles and the introduction into the control law of the derivatives 
of the angle €, characterizing the line of sight. Moving coordinators afford 
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Semiactive 



Figure 3.2 


greater possibilities. They are used in guidance methods requiring both the 
fixing of considerable deflection angles and measurement of the derivatives of 
tiie angle 6. 


3.2. Coordinator Direction-Finding Apparatus 

The vigorous development of the technology of automatic determination of 
the coordinates of targets using electronic apparatus now being observed re¬ 
sults in a great multiplicity in the principles of design and construction of 
the direction-finding apparatus of coordinators. Below we will consider only 
the most typical examples of the design of direction-finding apparatus which 
in essence are becoming classical. 

We recall that the possibility of determination of the angular coordinates 
of a target by electronic apparatus is based on the use of the directional [Ok 
properties of antenna, characterized by the directional diagram. In a general 
case the directional diagram of an antenna is described by a complex function 
of the angle of incidence of radio waves. The module and argument of this func¬ 
tion are called the amplitude and phase directional diagrams, respectively. 

Either an amplitude or phase directional diagram usually is used for direc¬ 
tion finding, depending on which of the parameters of the high-frequency oscil¬ 
lation (amplitude or phase) arriving from the target is used for obtaining 
information on the angular position of the target in space, or in other words, 
for which of the mentioned parameters the antenna possesses spatial selectivity. 
The terms amplitude and phase direction-finding apparatus therefore are used. 

It should be remembered that it is not always technically possible to design a 
"purely" amplitude or "purely" phase direction finder because the phenomena of 
change of the amplitude and phase of the arriving signal at the time of angular 
deflection of a target accompany one another. The only difference is in the 
quantitative values of these changes. The basis for naming the type of direc¬ 
tion finder is that parameter whose changes are predominant. 

In the equisignal direction-finding method the angle of arrival of the 
incident wave is determined by a comparison of the signals received from two or 
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more noncoinciding directional diagrams. This comparison can be made either 
successively or simultaneously. 

In the first case, the equisignal direction is created by a periodic 
change of the position of the directional diagram (amplitude or phase) of the 
direction-finding antenna. Data on the angular position of the target rela¬ 
tive to the equisignal direction are obtained by successive comparison of the 
signals received with the directional diagram in different positions. Since 
an equisignal direction in the case of successive comparison is created only 
for a finite interval of time, direction-finding apparatus of this type are 
called direction-finding apparatus with an integral equisignal direction. We 
note that, with a periodic change of the position of the directional diagram, 
the parameter used in determining the angular position of the target experi¬ 
ences an additional periodic change—modulation. Either the amplitude or the 
phase of the received signal is modulated, depending on the design of the an¬ 
tenna used. This circumstance makes it possible to refer to direction finders 
with an integral equisignal direction as modulation-type apparatus. A direc¬ 
tion finder with conical scanning of the directional diagram is an example of 
a direction-finding apparatus with an integral equisignal direction and ampli¬ 
tude modulation. 

In the case of simultaneous comparison of signals, reception is by several 
spaced antennas. In this case, the equisignal direction is formed at each /8$ 
specific moment and thereby there is "instantaneous” detection of the mis¬ 
match signal. An apparatus of this type is called a direction finder with an 
instantaneous equisignal direction. It is exemplified in so-called monopulse 
radar sets. 


3.3* Functional Diagram of a Direction-Finding Apparatus 
with an Integral Equisignal Direction 

Among the direction-finding apparatus with an integral equisignal direc¬ 
tion for the automatic tracking of a target on the basis of angular coordinates, 
the most widely used are direction finders with the amplitude direction-finding 
method, especially direction finders with conical scanning. Phase-type direc¬ 
tion finders with an integral equisignal direction are used for the time being 
only in some radio navigation systems (ref. ll) and will not be discussed here. 

Figure 3*3 shows a simplified functional diagram of a direction-finding 
apparatus with conical scanning. It contains an antenna A, a receiver rec and 
an output apparatus which includes a mismatch signal detector D, a mismatch sig¬ 
nal amplifier a, two phase detectors PD-^ and PD£ and two dc amplifiers DCA^ 

and DCA£. In addition to the mismatch signal the phase detectors receive a 

reference signal produced by the reference voltage generator RVG, connected -to 
the apparatus for rotation of the diagram ARD. 

The antenna system, having a needle-shaped directional diagram, is con¬ 
structed in such a way that the maximum of the diagram is displaced in relation 
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Figure 3.3 


1, ARD 

2, RVG 

3, rec 
k, PD^ 

5 , pd 2 

6, DCA 1 

7, dca 2 


to the axis of symmetry of the antenna (equisignal direction) by the angle 

If the target is not situated on the equisignal direction the signal received 
from the target receives additional amplitude modulation, and the depth of this 
filiation is dependent on the value of the angular displacement of the target 
in relation to the equisignal direction. The phase of the envelope, read from 
some fixed value, indicates the direction of displacement of the target. The 
conversions of the received signal after its passage through the receiver essen¬ 
tially involve detection of the envelope in the mismatch signal detector, am¬ 
plification of the received mismatch signal and its conversion in the phase /86 
detectors, and amplification by the dc amplifiers. 

In direction finders with conical scanning it is most common to use para¬ 
bolic antennas. An important characteristic of such an antenna is the rate of 
rotation of the directional diagram (scanning frequency). As will be demon¬ 
strated below, with an increase of the scanning frequency, there is an increase 
of the accuracy of tracking of the target when the signals received are of 
fluctuating amplitude. However, in the case of mechanical rotation of the 
reflector or exciter of the antenna, an increase of the scanning frequency re¬ 
quires a considerable increase of the power of the drive motor. In addition, 
in the case of rotation of the reflector with an increase of the rate of rota¬ 
tion, there is an increase of the difficulties in the mechanical balancing of 
the antenna system. 

Below we give two examples of design of antenna systems in which the dif¬ 
ficulties involved in obtaining high scanning frequency have been overcome. 

A 3 the first example we will consider a system with mechanical rotation of the 
directional diagram (ref. 43). In contrast to ordinary antennas with conical 
scanning, where the diagram io rotated by rotation of the exciter, whose phase 
center is displaced relative to the axis of the antenna, a fixed exciter is 
used in this case and the phase center is displaced solely by rotation of a 
relatively light element of the exciter; in one revolution of this element there 
are three periods of movement of the phase center, that is, three revolutions 
zf the directional diagram. 


Figure 3*4 is a diagram of the antenna. It consists of a parabolic reflec¬ 
tor, supply waveguide, exciter and a small electric motor which is situated in 
front of the reflector. The antenna exciter is a circular waveguide with a 
Plane polarized wave H-^, at whose output there is a system of three radia- /87 

tors which form angles of 120° with one another. Linear vibrators with a 
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counter reflector or slotted plate can be used as the radiators. The system of 
radiators is driven by an electric motor. 

The principle of operation of the primary radiating element is explained 
in figure 3>5* The relative amplitudes of excitation of the individual linear 
radiators are proportional to the projection of the electrical vector (and 
in the case of slots—the magnetic vector) onto the direction of radiation. For 
example, if the E vector is parallel to one of the vibrators (such as the vibra¬ 
tor A, fig. 3.5a) these projections are equal to 1 and cos 60° = 0.5 (fig. 3-5c) 
However, the components of the E fields radiated by them, parallel to the vibra¬ 
tor A, will be equal to 1 and cos^ 60° = 0.25, respectively (fig. 3-5*3) • Thus, 
it is necessary to find the center of radiation of a system of three radiators 
with the amplitudes 1, 0.25 and 0 . 25 , whose centers are situated as shown in 
figure 3-5b. This is equivalent to finding the center of gravity of a system 
of three material points. It is easy to confirm that, in this case, the phase 
center will be displaced along the vibrator A by a value equal to half the dis¬ 
placement of the center of the latter. Obviously, with rotation of the system 
of radiators the phase center will move along a circle. 

Figure 3-6 shows that the frequency of its movement will exceed by a facto 
of 3 the frequency of rotation of the radiators. In figure 3-6 the diameters 
of the circles characterize the relative amplitude of the vertically polarized 
component of the field of each radiator. Horizontally oriented radiators are 
not excited because a vertically polarized wave is used. 

Another possibility for obtaining a high scanning frequency is the use of* 
antennas with a so-called electrically controlled beam (ref. 44). Such antenna 
consist of several exciting elements spaced relative to one another at distance 
ensuring the formation of a single composite directional diagram (one beam) . 
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Figure 3-5 


The position of this beam is determined by the phase shift of the currents of 
the supply elements. With a change of the phase shift of the currents there 
vill be a change of the position of the beam in space. The phase is changed 
by a controlled phase inverter in the supply waveguide of each element. 

The phase inverters are controlled by a distributor. If electrical /88 
phase inverters are used, the distributor produces currents supplying the 
■findings of the ferrites of the phase inverters, ensuring such a phase distribu¬ 
tion that the beam moves in conformity to a specified law. 

In the case of uniform rotations of the beam the distributor can be de¬ 
signed in the form of an ac multiphase generator, each voltage phase of which 
is used for control of one of.the phase inverters. This same generator pro¬ 
duces a reference voltage. 



Figure 3-6 
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The radio receiving apparatus of the coordinator, with respect to both 
the functions which it performs and design of circuitry, is similar in many 
respects to the receiver of a standard radar set for automatic tracking of a 
target on the basis of angular coordinates (ref. 45). In most cases, a super¬ 
heterodyne circuit is used for such a receiver. 

It is known that in order to increase the sensitivity of a radar receiver, 
and therefore increase the effective range of the set, special measures must 
be taken for the elimination of instrument noise. The latter is achieved by 
designing the frequency converters in accordance with a balanced circuit, using 
low-noise amplifiers, etc. Similar measures can be taken in the receivers of 
coordinators, with the single reservation that they must not result in an in¬ 
crease of the size and weight of the apparatus above the admissible values, 
which in some cases are extremely limited. 

All the processes associated with the tuning and adjustment of the re¬ 
ceiver should be automated. For this reason the coordinator receiver is sup¬ 
plied with systems for automatic volume control (AVC), automatic frequency con¬ 
trol (AFC) and automatic target selection. 

The system for automatic volume control should have a relatively large 
dynamic range because in the homing process the rocket-target range changes in 
very broad limits. If the AVC is insufficiently effective the level of the 
output signal of the receiver also will vary, and as will be demonstrated 
below, this will lead to a change of the transfer coefficient of the direction 
finder, which is extremely undesirable. 

The design of the AFC system can vary, depending on the homing method. 

For example, in the case of active homing, when a signal transmitter irradi¬ 
ating the target is carried aboard the rocket, the receiver heterodyne is 
tuned on the basis of the transmitter signal, much as is done in radar sets. 

In the case of semiactive homing the receiver heterodyne is tuned on the 
basis of the frequency of the received signal (AFC on the basis of the received 
signal) or the heterodyne frequency is stabilized by means of a highly stable 
element (EFS). In the latter case the frequency of the signal of the transmit¬ 
ter "irradiating” the target also should be extremely stable and known in 
advance. 

Finally, in the case of passive homing the receiver heterodyne is /89 

tuned solely on the basis of the arriving signal. Since a direct signal 
radiated by the target and which usually has a relatively high power is used in 
passive homing, in some cases it may be desirable to replace the superhetero¬ 
dyne receiver in the direction finder by a crystal receiver. Such a receiver 
has a quite broad-band input and therefore there is no need of AFC. 

The system for automatic target selection will be discussed in greater 
detail in section 3*7- 

As already mentioned, the output device consists of a mismatch signal 
detector, a mismatch signal amplifier, two phase detectors and a dc amplifier. 
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There are various designs for a mismatch signal detector. In selecting 
the parameters of any of them an effort must be made to reduce to a minimum the 
nonlinear distortions of the mismatch signal. Sometimes in addition to perform¬ 
ing its direct role (detection of the video pulses envelope) the mismatch signal 
detector serves as an element of the "forward" AVC circuit. 

The mismatch signal amplifier is a low-frequency electronic amplifier 
consisting of one or more stages, depending on the required value of the ampli¬ 
fication factor. Since the mismatch signal in the case of small deflections 
of the target from the equisignal direction is a voltage of almost sinusoidal 
form of a frequency known in advance, the amplifier can contain a selective 
filter, tuned to the scanning frequency and having a relatively narrow pass 
band. The presence of such a selective filter improves the shape of the mis¬ 
match signal and facilitates an additional noise filtration. At the same time, 
extremely rigorous requirements are imposed on the constancy of the amplitude 
and especially the phase characteristic of this filter and also on the stabil¬ 
ity of the scanning frequency. Inadequate stability of the mentioned param¬ 
eters leads to an additional uncontrolled phase shift of the signal, which in 
turn causes so-called dephasing of the system leading to a "skewing" or 
"twisting" of the axes of the coordinate measurement system. If there are dif¬ 
ficulties in ensuring the admissible instability of these parameters, it is 
desirable to dispense with the narrow-band filter in the amplification channel. 

The essential purpose of the phase detectors is scaling of the mismatch 
signal from a polar coordinate system to a rectangular coordinate system. In 
actuality, before reaching the phase detectors the mismatch signal was formed 
in a polar coordinate system, when its amplitude characterizes the module of 
angular deflection of the target from the equisignal direction, and the phase 
shift, read relative to the reference signal, determines the direction of /90 
target deflection. However, at the output of the phase detectors there are 
two mismatch signals (in the form of slowly changing voltages) characterizing 
the angular movements of the target relative to the equisignal direction in two 
Ritually perpendicular planes. 

The direct-current amplifiers (DCA) are used for amplification of the sig¬ 
nals and coupling the direction finder to the subsequent circuits. Depending 
on the character of these circuits the dc amplifiers can have anode or cathode 
outputs. 

The phase detectors and dc amplifiers are the final stages of the direc¬ 
tion finder, where the signal level is quite high. Their parameters therefore 
should be selected in such a way that the limiting of the mismatch signal sets 
in only when there is a definite value of the angular deflection of the target, 
set by the required width of the zone of linearity of the direction-finding 
characteristic. We note that the direction-finding characteristic expresses 
the dependence of the voltage at the output of the direction finder on the 
angle of deflection of the target relative to the equisignal direction. In 
addition, the phase detectors and the dc amplifiers should have a small zero 
drift (unbalance) because the latter leads to displacement of the zero of the 
direction-finding characteristic and therefore to errors in determination of 
the direction to the target. 


91 


Digitized by LjOOQle 



In conclusion we will discuss the principal adjustments which are accom¬ 
plished in the output device of the direction finder. These include setting of 
the balance in the output stages, phasing and setting of nominal amplification. 

When the balance is set in the output stages it is possible to obtain zero 
signals at the output of the direction finder when there is no mismatch signal 
at the input of the phase detectors. The balance is regulated either in the 
phase detector circuits or in the dc amplifier circuits. 

The phasing of the direction finder has the purpose of fixing the paral¬ 
lelism of the axes of the coordinate system, in which deflection of the target 
occurs, and the axes of the coordinate system in which the mismatch signal is 
measured. In a phased direction finder, with the deflection of the target rela¬ 
tive to the equisignal direction in any one plane, such as in the vertical 
plane, the signal at the output of the dc amplifier of the horizontal deflec¬ 
tion channel should be equal to zero and the signal at the output of the dc 
amplifier of the vertical deflection channel should be maximal. 

Phasing is accomplished either by introduction of an additional phase 
shift of the mismatch signal prior to reaching the phase detectors or by change 
of the initial phase of the reference signal, depending on the convenience in 
designing the regulation system. 

Finally, setting of the nominal amplification is necessary for obtaining 
the computed value of the direction finder transfer coefficient. This means 
that for a specific value of the angular displacement of the target rela- /91 
tive to the equisignal line, the required value of the signal should be ob¬ 
tained at the direction finder output. Regulation is accomplished by a change 
of the amplification factor of the mismatch signal amplifier. 


3.4. Block Diagram of a Direction Finder with 
an Integral Equisignal Direction 

A coordinator with conical scanning, considered as an automatic control 
apparatus, belongs to the class of alternating current tracking systems in the 
subsonic range. 

It is well known that alternating current tracking systems, or modulated 
systems, as they sometimes are called, contain a special part in the channel 
consisting of a modulator, an intermediate link and a demodulator. The role 
fo the special part of the channel in a coordinator with conical scanning is 
played by the direction finder. Therefore, in constructing a block diagram of 
the direction finder it is desirable to separate out the modulator, which in¬ 
cludes the antenna system, receiver and mismatch signal detector, the inter¬ 
mediate link which is the mismatch signal amplifier, and the demodulator, 
which consists of two phase detectors. The dc amplifiers are used for coupling 
the demodulator to the subsequent circuits of the coordinator. 
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We introduce the measurement coordinate system (fig. 3 . 7 ), whose 

origin is at the center of the antenna A, and whose axis Ojj^ coincides with 

the equisignal direction. The plane o m i y m -| z^ passes through the target point 

T normal to the straight line Oj^. The axes o^y^ and are parallel 

to the corresponding axes of the measurement coordinate system. The circle /92 
on the plane o^y^z^ indicates the trace of the point of the maximum of 

the directional diagram during its rotation. The displacement of the maximum 
of the directional diagram relative to the equisignal line is characterized by 
the angle 0^. 

With a small displacement of the target from the equisignal direction its 
angular position is given conveniently in the form of the complex angle A0 = 

Afl + jA 0 = AQe^, where Afl and A0„ are the angles of deflection of the tar- 

L y L y 

get in the planes and o m x m y m , respectively; A 9 is the module of the an¬ 

gular mismatch; (p is the phase angle of the target. 

The modulator transforms the angular coordinates of the target (A 9 Z , Ae ), 

«y 

representing a slowly changing function of time, into an ac mismatch signal. 

The process of modulation of the signal received from the target can be de¬ 
scribed by introducing the modulating function Fj^(A0, t). As will be demon¬ 
strated below, this function can be obtained from the dynamic directional dia¬ 
gram of the antenna, that is, a directional diagram changing its position in 
space. 
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Figure 3.8 

Then for the emf acting in the circuit of the receiving antenna we can 

write 

e=f^E 0 G 0 F M (&t)e ia ‘, ( 3 . 4 . 1 ) 

where Eq is the amplitude of the electrical component of the field at the re¬ 
ception point, caused by the signal arriving from the target; Gq is the coef¬ 
ficient of directional effect of the antenna in the direction of the maximum; 
kp is the proportionality factor; U) is the angular frequency of the received 

signal. 

If the received signal has the character of a pulse this circumstance is 
taken into account by the introduction of a time factor into ( 3 .U.I). 

We now will explain the method for obtaining the modulating function. 
Assume 

*=1/^)1 (3.4.2) 

is the equation of a normalized spatial directional diagram of an antenna in a 
Cartesian coordinate system (fig. 3 . 8 a). Here (3 = (3 Z + jgy is the complex /9 3 

current angle, and f3 z and Py are the components of this angle along the o£3 z and 

ojgy axes, respectively. The selection of a Cartesian coordinate system in 

place of the spherical coordinate system usually used in writing the direc¬ 
tional diagram equation is not of basic importance and was done exclusively for 
the sake of clarity. 
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Equation (3.4.2) describes in space some unclosed surface situated above 
the plane op z Jf3 y in such a way that the point of the maximum of this surface is 

situated above the point o. Since hereafter we will consider only the amplitude 
directional diagram, the sign of the module in equation (3.4.2) will be omitted. 

The reading of the target coordinates during the forming of the mismatch 
signal in a direction finder with conical scanning is accomplished relative to 
the equisignal direction, displaced from the axis of the maximum of the direc¬ 
tional diagram by the angle (3^. In figure 3.8b the coordinate system relative 

to which the angular mismatch (displacement of the target from an equisignal 
line) is measured is denoted o'f^'jPy'. The point o' is the trace of the equi¬ 
signal direction on the plane o , p z , jPy'. 

The directional diagram equation in the frame of reference o'p 'JfJ ' has 
the form 

1 

! ^=^(P'-Po). (3-M) 


■here p' = P z ' + jPy' = (3 'e is the current value of the angle in a coordinate 

system related to the equisignal direction. 

If the rotation of the directional diagram relative to the equisignal direc 
tion is taken into account, it is necessary to assume 


fc=fce-'“. 


(3-b.k) 


-here fl is the angular frequency of scanning. 

By substituting (3.4.4) into (3.4.3) we obtain the directional diagram equa 
tion for a scanning antenna 


.V=F(p'-p 0 e- y "). (3^.5) 

If the time t is set, equation ( 3 . 4 . 5 ) describes a static directional dia¬ 
gram whose position corresponds to the considered time. If the current value 
3’ is set, assuming it to be equal to the angular coordinates of the target T 

^ig. 3.8b), the function F^(A Q - ^^) shows the way in which the spatial 

information on energy distribution, characterizing the target position, is con¬ 
verted into a mismatch signal, that is, into temporal information, or, we 

say, it gives the law of conversion of "target space" into "signal space. 
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) enters into formula (3.4.1) as a modulating 


The expression F^(A© - 0Qe“** 
function. 

If the directional diagram is written in explicit form, in one approxi- /94 
mation or another, and the receiver and mismatch signal detector transfer 
coefficients are taken into account, by using (3.4.1) it is possible to obtain 
the modulator transfer function. In actual practice, however, it is desirable 

to first simplify the expression for F M (A© - p e^), making two assumptions: 

the target coordinates change slowly and the angular mismatch is small. 

The angular mismatch A Q is dependent on time, that is, A 9 = A©(t). The 
character of its change is determined by the motion of the target and the 
movement of the equisignal direction. Assuming the changes of A 9 to be quite 
small and the scanning frequency to be constant, it can be assumed that 

F^(A© - p^) is almost a periodic function of time and it is represented in 

the form of a Fourier series 


FA S c » e "”’ <3 - 4 - 6) 

A --- 

T 

where 0* = -^ J F m (aO — Pq J 9 ‘) e~ ,Mai dt is the complex amplitude of the harmonic and 
o 

T = is the period of the function F^(Ae - P Q e 

Each term of the series (3.4.6) contains information on the position of 
the target, hut in actual practice only the information contained in the 
constant component and in the first harmonic of the expansion is used. The 
constant component is used in the automatic selector channel and in the AVC, 
while the first harmonic is used in the mismatch signal channel. Therefore, 
in order to obtain the transfer function of the modulator in the expansion 
(3.4.6) it is sufficient to retain the first two terms. 

The derived expression can be simplified if the components Cq and C^, 

which are functions of the angular deflection A0, are expanded into a power 
series of A0. In the case of small mismatches it is sufficient to leave only 
the first terms of the expansion in the derived series. This gives a linear 
solution of the problem. 

Now we will consider an example of computation of the modulating func¬ 
tion, approximating the static directional diagram of the antenna by some 
function. In addition to being an illustration of the method of computing 

F^(A0 - p^e ^^), the example will make it possible to establish some of the 
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general properties of the modulator, characteristic both for other forms of 
approximation and for real diagrams. 

If the antenna has axial symmetry, its spatial diagram can be approxi¬ 
mated by a surface of revolution, the generatrix of which is a function de¬ 
scribing the directional diagram in one plane. The equation for such a spatial 
diagram is obtained by replacement of the argument included in the expression 
for a "plane" diagram by the absolute value of the complex single. 

We will assume that the normalized directional diagram of the antenna /95 
in a single plane is approximated by an exponential function. Then for pas¬ 
sive (unidirectional) direction finding we will have 

/>(?) = exp[-1,4 (£)*J . (3*^7) 

where 6q is the width of the directional diagram for half-power. 

The equation for a spatial diagram of a scanning antenna assumes the form 


P( |P' — P.e' 8 ' |) = exp {- ^ [(?')> + ft - 21'?. cos (2/ + +)]} . (3-4.8) 


In order to obtain the modulating function entering into expression 
(3.4.1) it is necessary to replace the current values of the coordinates p' and 
^ in equation (3.4.8) by the target coordinates A0 and cd. Then 

Pm (AO, f,*) = exp[— Iji [a6* + ^_ 2A91 0 cos(2/ + f)]J . (3-4.9) 


Hie envelope of the signal at the receiver output is 

u rec = k rec ^ 0 O 0 expJ-^[A# , + ?2-2Aei 0 cos(Q/-|- f )]j. (3-4.10) 


Here k rec is the transfer coefficient from the antenna output to the receiver 
output. 

It follows from formula (3.4.IO) that the signal at the output of the re¬ 
ceiver is related by a nonlinear dependence to the angular mismatch of the 
target. 
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By expanding F(A@, cp, t) into a Fourier series we obtain an expression 
M 

for the constant component and amplitude of the first harmonic of this function; 
these are proportional to the corresponding components of the mismatch signal 


c 0 

T 





(3^-n) 


Here I^(x) and I^( x ) are modified Bessel functions of the zero and first 
kind, respectively. 


Figure 3.9 shows the dependence for different values of the rela¬ 

tive angle of displacement of the maximum of the directional diagram Pq/0q- In 


the case of small mismatch angles, the value £ changes insignificantly. With 

2 

an increase of the mismatch angle to a value 25-30 percent of the width of the 
directional diagram the constant component does not change by more than 10 per¬ 
cent. In this range of angles, it can be assumed constant and equal to its 
value for a zero mismatch. With an increase of the ratio (3 q/ 0 the mean signal 


level decreases, which leads in the long run to a decrease of the effective 
range of the direction finder. It should be noted that if the receiver con¬ 
tains AVC operating on the basis of the mean signal level the dependence of 
this mean level at the output of the receiver on the mismatch angle will differ 
from the curves shown in figure 3.9. The difference is that there is a 
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broadening of the zone of the characteristics where the mean level changes 
little with a change of the mismatch angle. 

Figure 3.10 shows the dependence C( = / , determining the character /96 

of the change of the amplitude of the first harmonic of the mismatch signal, 
for different values of the ratio Pq/ 0 q* In the case of mismatch angles which 

are 25-30 percent of the width of the directional diagram the function c, = f 

is close to linear. Then comes a zone of saturation which ends with a segment 
'■dth negative steepness where the amplitude of the first harmonic decreases 
vith an increase of the mismatch angle. 

Analysis of the curves shown in figures 3.9 and 3.10 reveals that the 
"odulator can be considered as a linear apparatus if the mismatch angle does 
not exceed 25-30 percent of the width of the directional diagram. Such a 
situation is correct both for different kinds of approximating functions and 
for real directional diagrams. 

After expanding — and c^ into a power series and retaining the first /97 


terms of the expansion we obtain 




In the analysis of the modulation process in a linear approximation the 
envelope of the video pulses at the output of the receiver has the form 


Uj. ec =U V \\ +/*cos(2< + <p)l. 


(3.4.12) 


Digitized by 
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where = kj. ec k Pq ) is the mean amplitude of the pulses at the output of 

the receiver; G(Pg) is the amplification factor of the antenna in the equisignal 

direction; m = k^Ap is the depth of modulation of the pulses at the output of 
the receiver. 

The coefficient characterizes the change of the depth of modulation 

with displacement of the target by a unit of angle measurement and is called 
the modulation transfer coefficient or the steepness of the modulation charac¬ 
teristic. It is measured either in percent per degree or in percent of a 
thousandth of the distance (a thousandth of a radian). As will be clear from 
the text which follows, the coefficient kjn plays an important role in the 

selection of some parameters of the direction finder, and therefore we will 
discuss its determination in somewhat greater detail. If the directional dia¬ 
gram of the antenna is described by the function F(p), for the case of passive 
direction finding the coefficient can be computed using the formula 


^(8) 

F(M 


(3-^l3) 


The value k^ is doubled for active direction finding. In computations it is 
convenient to use the formulas 


\ « k.25 5° ^ 


« 0.24 


Gq X degree 


Po D a 


(3*k.lM 


distance X 10- 


where D„ is the diameter of the antenna; X is wavelength. 

cl 

Formulas (3.3.14) were derived for approximation of the directional dia¬ 
gram by the exponential function (3.4.7) and with the relation Gq oa 66 — 

^a 

taken into account. They give good agreement with the value k m determined ex¬ 
perimentally. The value Pq/#q is selected in such a way as to obtain the 798 

maximum angular sensitivity of the direction-finding apparatus with the instru¬ 
ment noise of the receiver taken into account and falls in the range O.5-O.6. 
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Formulas (3.U.14) make it possible to select some parameters of the direc¬ 
tion finder if the value 1^ is known or to estimate the value if the param¬ 
eters of the direction finder are known. In particular, they indicate that by 
shortening the wavelength it is possible to decrease the size of the antenna 
while maintaining the former value k m . The latter circumstance plays an impor¬ 
tant role for the coordinators of homing rockets whose size is small. However, 
a transition to shorter waves can lead to a decrease of the effective range of 
the direction finder as a result of an.increase of absorption of electromag¬ 
netic energy. 

By knowing the coefficient k m it is easy to determine the static angular 
error A0 err of the direction finder by stipulating the minimum distinguishable 

modulation depth 


40 = "^lst 

err k 


(3-4.15) 


It has been established that in a real apparatus the presence of parasitic 
modulation, instrument (receiver)noise and instability of the circuits of the 
output stages of the direction finder make it impossible to detect the mismatch 
signal m# < 1 percent. 

Using formula ( 3 .U.I 5 ) it is impossible to determine the accuracy of the 
coordinator under real operating conditions because a static regime (case of a 
fixed target and a fixed direction finder) is not encountered in actual prac¬ 
tice. A knowledge of the coefficient k m alone is inadequate for determination 

of the dynamic errors of the coordinator, even in the case of a known law of 
notion of the target. In addition, in the case of a real (not a point) target 
there will be errors in determination of the bearing due to fluctuations of the 
amplitude of the reflected signal and fluctuations of the apparent center of 
reflection,which considerably exceed the value of the static error. However, 
an effort always should be made to obtain the highest possible value of the 
coefficient 1^, since with its increase there is a decrease of the zone of 

insensitivity of the direction finder, which exerts a favorable influence on 
the character of transient processes in the coordinaotr, and as will be shown 
below, decreases the error caused by fluctuations of the signal reflected from 
the target. 

Usually there is a linear mismatch signal detector at the output of the 
modulator. If the transfer coefficient of the detector is denoted k^, the vol¬ 
tage of the mismatch signal at its output can be written as 


#* = Ayn^pCOS (2/f + <p) = A 8 cos (2/ -f- 9 ). (3-4.16) 
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Equation (3.4.16) will be written in a somewhat different form 


1 99 


u H = kJi 8 cos 9 cos 2 / — sin 9 sin Qt, 


(3-4.17) 


where k M = 
Using 


k^kjjjUp is the transfer coefficient of the modulator, 
the obvious relations A0 Z = A© cos <p and A0 = A© sin cp, 


we obtain 


u H — £ M A 0 2 cos 2 * — 4 M A0 y sin 2 /. ( 

Figure 3.11 is the block diagram of a modulator constructed using formula 
(3.4.18). The operation of modulation of the input signals is reflected by 
links with variable transfer coefficients proportional to cos fit and sin fit, 
respectively. 

The block diagram of the modulator can be shown differently by intro¬ 
ducing the concept of complex amplitude of the mismatch signal. If the complex 

j cp 

angular mismatch of the target A@ = A0_ + jA0 = A@e is used as the input ac- 

L y 

tion of the modulator, the output signal of the modulator will be a complex 
temporal function 


u 3 




(3.^19) 


Here is the complex amplitude of the mismatch signal, equal to 




(3.4.20) 


Figure 3.12a, b shows block diagrams of a modulator for the complex tem¬ 
poral function and for the complex amplitude of the mismatch signal. 

The relative simplicity of the resulting block diagrams can be attributed 
to the fact that they were constructed for a linear approximation, when the 
value of the angular mismatch does not exceed 25-30 percent of the width of the 



Figure 3.11 
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Figure 3.12 


directional diagram for half-power. This condition usually is satisfied in the 
absence of interference. However, when there is interference the peak values 
A 0 can exceed the indicated value and the represented mathematical model will 
not correspond to the real apparatus. It therefore is necessary to check the 
correctness of the assumptions made concerning the linearity of the modulator. 
It is assumed (ref. 48) that if the mean square value of the input signal /lOO 
does not exceed one-third of the saturation value of a similar signal in the 
real system, the probability of saturation for such a signal falls in admis¬ 
sible limits. Otherwise, it is necessary to construct the block diagram of the 
modulator on the basis of more general relations (3*4.10) and (3*4.11), which 
naturally sharply increases the difficulties of analysis of the direction 
finder. 

Another characteristic of the modulator is the dependence of its transfer 
coefficient k^ on the level of the received signal; this is expressed in the 

fact that the intensity Eq of the received signal enters this coefficient as a 

factor. In actuality, it follows from (3.4.16) and (3.4.12) that 


k__ = k r .E_G(P r .)k k k . 
M P 0 O' rec D m 


(3*4.21) 


Such a dependence is characteristic of automatic control systems which 
contain electronic apparatus in -their links. 

Since it is desirable to have constant transfer coefficients for the ad¬ 
justable parameter (in this example—angular mismatch) in automatic control 
systems, the mentioned dependence of k M on Eq should be eliminated. This is 

accomplished introducing automatic volume control into the receiving channel. 

In such apparatus automatic volume control usually is introduced both into the 
intermediate frequency amplification channel (’’backward" AVC) and in the mis¬ 
match signal amplification channel ("forward” AVC). The necessity of a double 
AVC system dictates extremely rigorous requirements on the constancy of the 
modulator transfer coefficient and the entire direction finder. 

The introduction of automatic volume control into the receiving channel 
makes the modulator stationary in relation to the adjustable parameter and 
nonstationary in relation to the electric signal, the carrier of this param¬ 
eter. The latter should be taken into account during analysis of the passage 
of the signal through the receiver, especially when this signal contains noise. 
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The next element of the block diagram of the direction-finding apparatus 
is an ac amplifier. The amplification link of the single-channel part of the 
circuit in ac systems is described either by the transfer function for the 
instantaneous values of the signal or when using the method of complex ampli¬ 
tude, a transfer function for the envelope. 

The process of finding the transfer function for the envelope is quite 
complex but it is simplified appreciably if the circuit has a two-channel very 
low-frequency component with identical channels in which the sinusoidal and 
the cosinusoidal components of the mismatch signal are used to an equal degree. 
In such systems the transfer function for the envelope is obtained by simple 
replacement of the instantaneous values of the operator D by D + jfl in the- 
transfer function (ref. 47). 

If the instantaneous value of the voltage at the output of the am- /101 
plifier can be written as 


u 


a 


= W a (D)u., 


(3.4.22) 


where W a (D) is the transfer function of the amplifier, the complex amplitudes 

of the mismatch signal at the amplifier input and output are related by the 
equation 


K = tf a (D . jn)V 


The form of the transfer function W & (D) is determined for the most part 

by the type of filter used. However, frequently the inertia of the amplifier 
is such that it can be neglected in comparison with the inertia of the other 
elements of the coordinator. Hereafter it will be assumed that the amplifier 
is inertialess. At the same time it is assumed that it can introduce into the 
mismatch signal some constant phase shift which appears as a result of incor¬ 
rect phasing of the system. 

Therefore, in the block diagram the mismatch signal amplifier can be 
described by the complex transfer coefficient, whose amplitude and phase char¬ 
acteristics are not dependent on frequency. 

The equation for complex amplitudes assumes the form 


U 

a 


= k U M 
a M 


k e 
a 



(3.4.23) 


Here k is the absolute value of the amplifier transfer constant; 11 is the 
phase shift introduced by the amplifier. 
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The amplifier is followed by a demodulator which consists of two phase 
detectors. It can be assumed that the phase detectors perform the operation of 
multiplication of the mismatch signed by the two reference signals which are 
periodic functions of time and are displaced relative to one another by a 
quarter period. If the reference signals constitute harmonic functions of time 
the mismatch signal is multiplied by a voltage proportional to cos (-fit) in 
the phase detector of the lateral deflection channel and by a voltage propor¬ 
tional to sin (-Ot) in the phase detector of the longitudinal deflection chan¬ 
nel. The minus sign assigned the arguments of the trigonometric functions 
formally reflects the fact that the demodulation process is the reverse of the 
modulation process for the mismatch signal. In addition, it is assumed that 
the phase detector filter transmits only the slowly changing part of the re¬ 
sultant signal. 

If there is no additional phase shift in the mismatch signal amplifica¬ 
tion channel (p. = 0), by performing the mentioned operations we obtain expres¬ 
sions for the signals at the output of the phase detectors of the course 
channel 


“pD z = W 08 * (3^.210 

and the pitching channel /102 

"PD , = W a ‘ in *' <3 - l ‘- 25) 

Here kp^ is the phase detector transfer coefficient. 

The value kpp is dependent on the type of phase detector used. In the 

case of ideal multiplication of signals kpp = 0.5. 

By multiplying both sides of equation (3.4.25) by j = /-I and adding it 
to equation (3.4.24) we obtain a single complex equation 


Upo=“po*+y«PDy = *PD t 4e y4 ' = ^. c JU a . (3.4.26) 


Equation (3.4.26) shows that the signal at the output of the demodulator 
is obtained as a result of multiplication of the complex signal from the am¬ 
plifier by and its changes by kpp times. 

In actuality, 

= *>cA/ V '“ = *.&• (3 .*.27) 
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Figure 3-13 


The block diagrams of the demodulator for a complex temporal function and 
for a complex amplitude are shown in figure 3 » 13 &> b. 

The construction of a block diagram of a demodulator for instantaneous 
values of the signals, taking into account the additional phase shift p., are 
somewhat more complex. We obtain equations relating the voltages at the out¬ 
put of the phase detectors to the expressions for the instantaneous value of 
the mismatch signal at its input, which when li ^ 0 has the form 

« a =i/ cos(2< + <p + (j.). ( 3 .U. 28 ) 

By multiplying the mismatch signal by cos (-fit) and sin (-Qt), and also 
taking into account the transfer coefficient of the phase detector, we will 
have 


^D* = ^D t/ a C0S 'f ,C0S > i_ ^pt/ / a sin< P sin l A > 1 
u^ay — cos <p sin [a + £p,// a sin<pcos {»•. } 


(3^.29) 


Since u pD z = k pi) U a cos cp and u pD = k^U^sin cp, we finally write 

“t-Dz — ^DiCost* — ttpoySinp., \ 

u rcv = % d* sln V- + Up oy cos {t. j 


I* is eas y to see that when = 0, u^ z = u pD z and = u^ . /103 

Figure 3-1^ is the block diagram of a demodulator designed on the basis 
of the derived equations. 

Sometimes an allowance is made for the inertial properties of the demod¬ 
ulator which owe their origin to the presence of filters in the phase detec¬ 
tors. This requires only the replacement of the phase detector transfer coef¬ 
ficient kpp in the earlier written equations by the transfer function 

k PD 

Wp d(D) = i>ppD + 1> (3«^-3l) 
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where Tp^ is the time constant of the phase detector filter. 

However, in the further analysis the inertial properties of the phase 
detector will not be taken into account because its inertia is negligibly 
small in comparison with the inertia of such elements of the coordinator as 
the control apparatus. 

The output stages of the direction finder are dc amplifiers performing 
the role of elements coupling the phase detectors with the subsequent links of 
the coordinator. 

These are characterized by the transfer coefficients kj^ ^ and k^^ ^• 

In the case of identical values of the DCA transfer coefficients for both 
channels 1 2 = * as output voltages of the direction 

finder we will have 

^F z = k DCA U PD 
Vy" k DCA u PD 


Converting to complex values, we obtain 


^F U DF z + jU DF y 


(3-M2) 


= k DCA U PD‘ 


Figure 3«15 a is the block diagram of a direction finder for the real 
coordinates and instantaneous values of the mismatch signal in the amplifica¬ 
tion channel. Figure 3-15b is the same block diagram, but for the complex 
coordinates and the complex temporal functions in the mismatch signal am- /104 
plifier channel. The block diagram (fig. 3*15c) was constructed for the 
complex amplitudes of the mismatch signal. 
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Figure 3.15 


The direction finder as a link of the automatic control system is charac¬ 
terized by the complex transfer coefficient k^p, relating the complex mismatch 

angle A 0 and the complex voltage Ujjp, in accordance with the formula 


Here 


“DF = V 0 * 


(3.4.33) 


^DF " k DF 6 = E 0 G ^ P 0 ^ k p k rec k D k m k a k FD k DCA e * 


The block diagram of the direction finder as a link in the control system 
is shown in figure 3.l6a for real coordinates and in figure 3.l6b for complex 
coordinates. 

It follows from figure 3.16a that when \i = 0 the direction finder is 
broken down into two independent channels, one of which is used for measurement 
of the angle A@ z and the other for the angle A0 y . However, if p. ^ 0 , such a 

breakdown becomes inadmissible due to the appearance of a cross connection be¬ 
tween the channels. 
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Figure 3.16 


The module of the complex transfer coefficient of the direction finde r/105 
characterizes the value of the mismatch voltage (current) at the output of 
the direction finder when there is deflection of the target relative to the 
equisignal direction by a unit of angle. It can be computed or determined from 
experimental data as the steepness of the linear segment of the direction find¬ 
ing characteristic. 


3.5- Functional Diagram of a Direction Finder with 
an Instantaneous Equisignal Direction 

Direction finders with an instantaneous equisignal direction were devel¬ 
oped, in particular, due to the need for increasing the accuracy of systems for 
automatic tracking of a target in direction. This can be attributed to the 
fact that direction finders with an equisignal direction are insensitive to am¬ 
plitude fluctuations of a signal reflected from a target. Various variants of 
direction finders with an instantaneous equisignal direction now have been 
developed. Some of them form part of so-called monopulse radar stations (refs. 
4l and 42). 

One of the most typical and, in some respects, most modern is a direction 
finder in which an add-subtract method for determination of the mismatch angle 
is used. 

Figure 3 . 17 a is a simplified functional diagram of such an apparatus. The 
direction finder antenna system consists of four elements A^, A^, A^ and A^, 

whose relative positions are shown conventionally in figure 3 . 17 b. 

Depending on the position of the directional diagram of each element it 
is possible to have either amplitude or phase direction finding of the target. 
In the case of amplitude direction finding the phase centers of the individ¬ 
ual elements of the antenna are situated quite close to one another and the 
maxima of their directional diagrams are displaced by a certain angle relative 
to the axis of the antenna (fig. 3 »l 8 a ). 
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Figure 3-17 


In the case of phase direction finding the phase centers of the individual 
elements of the system are spaced at the distance d and the maxima of their 
directional diagrams are oriented along the axis of the antenna (fig. 3-l8b). 


The antenna elements A-^, Ag, A^ and A^ are connected by a waveguide 


/106 


to devices for summation and subtraction of high-frequency signals. The pur¬ 
pose of the phase inverters (PI^-PI^), situated between the antenna and the 

add-subtract devices, will be clarified below. 


Three high-frequency signals are formed at the output of the add-subtract 
devices: the signal u z , carrying information on the single of deflection of the 

target in the plane o m x m z m (fig. 3 - 19 ), the signal u^ carrying information on 
the target in the plane ° m x m y m j and the reference signal u^,. 

The mentioned signals are fed to three identical mixers Mix^, Mix^ and 
Mix^, which also receive a voltage from the common heterodyne Het. After fre¬ 
quency conversion in the mixers, the signals are amplified in the intermediate 
frequency amplification channel which consists of three lines (IFA^, IFA^, 

IFA^) and are fed to the phase detectors FD^ and PD^. 

The signals at the output of the phase detectors have the form of dc 
pulses (when the direction finder has pulse operation), whose amplitude is 




Figure 3«l8 
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Figure 3-19 


dependent on the value of the angular deflection of the target relative to the 
axis of the antenna, and the polarity is determined by the direction of this 
deflection. The pulses are amplified by the video amplifiers VA^ and VA^ and 
are widened in the peak detectors PkD^ and PkD^. 

The constant components of the voltages of the widened pulses, which /l07 
are amplified by the dc amplifiers DCA^ and DCA^, are discriminated at the 
output of the peak detectors. 

The design of the antenna system of a direction finder with an instanta¬ 
neous equisignal direction is dependent on the form of direction finding used, 
the method for movement of the equisignal direction, the admissible size, etc. 
Usually the antenna has a clover-leaf primary radiating element with a common 
reflector or cloverleaf lens antennas. In the case of mechanical displacement 
of the equisignal direction it is desirable to avoid the use of rotating wave¬ 
guide couplings in the design of the antenna system because they can cause 
errors in determination of the direction to the target. 


The equisignal line can be moved electrically in direction-finding appara¬ 
tus with an instantaneous equisignal direction (ref. 53)* The electrical 
shifting of the equisignal direction is accomplished most easily in direction 
finders with a phase method of direction finding; in this case it is charac¬ 
terized by an equality of the phase shifts of the high-frequency oscillations 
ir. the different receiving channels. 


Phase inverters PI -PI. 

1 4 


are introduced into the waveguide transmission 


channel for the electrical shifting of the equisignal direction (fig. 3 - 17 a); 
these phase inverters perform an additional shifting of the phase of the car¬ 
rier of the received signal. Using phase inverters it is possible to equate 
tie phase shifts of the carrier of the received signals caused by displacement 
af the target relative to the axis of the antenna, and the phase shifts intro¬ 
duced by the phase inverters in each of the receiving channels for a given 
(Blue -of the angle of deflection of the target. Therefore, the change of the 
ralue of the phase shifts introduced by the phase inverters is equivalent to 
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the change of the position of the equisignal line relative to the axis of the 
antenna. 

The value of the phase shift is regulated either mechanically by introduc¬ 
tion of a dielectric into the waveguide or electrically by the magnetization of 
a ferrite inserted in the waveguide. We note in passing that in some compli¬ 
cated circuits the electrical shifting of the equisignal direction is possible 
also when using the amplitude method of direction finding of a target. 

An important element of the antenna-waveguide system in the add-subtract 
analysis of the received signals is an apparatus for forming the sums and the 
differences of the high-frequency oscillations. A classical example of the 
design of such an apparatus is a double waveguide triplet. However, in /108 
actual practice it is more convenient to use hybrid ring connections and 
slotted bridges (refs. 4l and 49). 

The elements of the antenna-waveguide channel should be designed in such a 
way that, in the working range of frequencies, the change of amplification of 
these elements and the phase changes introduced by them are in admissible 
limits. 

A receiver of a direction finder with an instantaneous equisignal direc¬ 
tion and add-subtract analysis of the signal contains three identical channels 
for the conversion of frequency and amplification. 

It is supplied with a quite high-speed automatic volume control system 
which excludes the influence of a change in the intensity of the received sig¬ 
nal on the steepness of the direction-finding characteristic, or, which is the 
same, on the value of the transfer constant of the direction finder. 

The add signal is used for formation of the voltage of the automatic 
volume control system. In such a circuit for producing the voltage of the 
automatic volume control system there is a normalization of the amplitudes or 
the add and subtract signals relative to the amplitude of the add signal. In 
this case the amplitude of the output voltage of the add channel in an ideal 
case is constant in time, but the amplitude of the output voltage of each sub¬ 
tract channel becomes proportional to the ratio of the amplitudes of the sub¬ 
tract and add signals. 

The remaining automatic regulations of the receiver—automatic frequency 
tuning and an automatic selection system—can be designed using the same cir¬ 
cuits as in the receiver of a direction finder with conical scanning. These 
controls are not shown in figure 3 - 17 - 

The output apparatus of the direction finder includes phase detectors, 
video amplifiers, peak detectors and dc amplifiers. 

The phase detectors receive signals directly from the intermediate fre¬ 
quency amplifiers. Therefore it is necessary to use those circuits of phase 
detectors which have relatively small input capacitances and a high input 
resistance. 
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The use of video pulses is dictated by the fact that the introduction of 
simplification at the video frequency makes it possible to avoid the use of 
multistage dc amplification circuits having a low stability of the zero. The 
circuits of the video amplifiers should be designed in such a way that both 
positive and negative pulses are amplified to an equal degree. 

The output stages of the direction finder--the dc amplifiers—are used for 
coupling the direction finder to the succeeding elements of the coordinator. 

The principal requirements imposed on the dc amplifier circuit essentially 
involve the requirement for symmetry and linearity of its amplitude character¬ 
istic. In addition, the dc amplifier should have a small zero drift. /109 

The most important regulations which must be accomplished in direction 
finders with an instantaneous equisignal direction are similar to the regula¬ 
tions of a direction finder with conical scanning. For example, the balance 
apparatus excludes the possibility of electrical asymmetry of the output stages 
of the direction finder. The mismatch signal at the output of the direction 
finder should be equal to zero if the target is situated precisely on the equi¬ 
signal line. 

A direction finder with an instantaneous equisignal direction is phased 
both for a high frequency (in the circuits of the antenna-waveguide channel to 
the add-subtract circuits), and for an intermediate frequency. As will be 
shewn below, the absence of high-frequency phasing leads to a displacement of 
the zero of the direction-finding characteristic and in some cases to the 
appearance of a cross connection between channels, and a dephasing of the inter¬ 
mediate frequency causes changes of the steepness of the direction-finding 
characteristic. 

A nominal amplification device is necessary to obtain a given value of 
the transfer constant of the direction finder. It usually constitutes part of 
the range finder output. 


3.6. Block Diagrams of Direction Finders with an 
Instantaneous Equisignal Direction 

In constructing the block diagram of a direction finder with an instanta¬ 
neous equisignal direction for phase direction finding of a target we write 
equations which reflect the successive conversion of signals with their passage 
through the circuits of the direction finder. 

We will assume that the target is deflected relative to the axis of the 

antenna o x (fig. 3-19) by the angle A0, r in the plane o x y , and by the angle 
mm y m mm 

in the plane o x z . Then for the emf in the circuits of the antenna ele- 
m m m 

^nts Ap Ag, A^ and we can write 
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( 3 . 6 . 1 ) 


e K\ — UqF (A0) sin [&t + -)- -y-j , 

e \2 = UqF (A®) sin (•/ + -£-•£). 

^*3 = U n F (a 8) sin («<--£ + -*-). 
g A«= U 0 F(&6) sin (wt — 

where is the amplitude of the signal in the antenna in the direc¬ 

tion of the maximum of the diagram; cpy and <p z are the phase shifts of the Zi10 

carrier caused by movement of the target relative to the axis of the antenna of 
the system. 

The values cpy and cp z are related to the angles of deflection of the target 
by the following expressions 


Ana . - n 

f> y = —sin A0 y , 

2nd n 

<P* = —sinA0 z . J 


( 3 . 6 . 2 ) 


Here d is the distance between the phase centers of the antenna elements and X 
is the wavelength. 

In the derivation of formulas (3.6.1) it was assumed that the directional 
diagrams of the individual elements of the antenna are identical and have axial 
symmetry relative to the direction of their maximum. The latter circumstance 
makes it possible to write an expression for the spatial directional diagram as 

F(A0), where A0 = V^A^-f-ASy. If" the direction finder operates in a pulse 

regime, a time factor should be introduced into (3.6.1) or it should be as¬ 
sumed that formulas (3.6.1) are correct only for the time of the effect of the 
pulse. 


We will assume that the waveguide system and the add-subtract devices do 
not introduce attenuation and additional phase shifts. In addition, we take 
into account that, in phase direction finding, the signal phase is turned by 


- in the reference channel before the mixer. The device performing this phase 


shift is shown in figure 3-17 by a dashed line. Then for the voltages u , 
and Uj, at the input of the mixers Mix^, Mix^ and Mix^, we obtain " 


u. 
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U Z = 2" [(^Al + ^A3) ~ ( e K2 + ^aJ] = 

= 2 U 0 F (A0) sin -y cos -y cos <*>/, 

U y~\ l( e Al + e \2) — ( e A3 + e A ♦)] = 

= 2 U 0 F (A0) Sin -y COS -y COS <oi, 
u z = '2 [( e Al + ^A2) + ( e A3 + ^A«)] * _ 

= 2t/ o / 7 (A0)COSy-COS -y COS U>*. 


The factors l/2 in front of the brackets of expressions (3-6.3) were 
introduced taking into account the balance of powers in the add-subtract 
devices. The subscript n/2 outside the bracket in the last formula means that 
after the operations indicated in the brackets are performed the phase of /ill 
the high-frequency signal should be turned by jt/2. 

It is useful to note that according to (3-6.3)> in the add-subtract analy¬ 
sis of the signal, all four antenna elements are used in forming the mismatch 
signals in both measurement planes. 

The signals at the output of the intermediate frequency amplifiers, on 
the assumption that the transfer constants of each channel are equivalent and 
that there are no additional phase shifts, have the form 


« in * = 2(JoF (A0) AjSin y COS -y COS 
tL^y = 2U 0 F(^) *1 Sin y- cos y-cos<a 
«. I = 2£V r (A0)£iCOS-1£ cos-^coso). t, 

m 2 2 in 


•here o)^ n is the intermediate frequency; k-^ = ^Mix^IFA is transfer constant 

cf the receiving channel, equal to the product of the transfer constant of the 
rixer (k Mix } and the intermediate frequency channel amplification factor 

'~IFA ; • 

The voltages u^ n z and u^ n are multiplied in the phase detectors PD-^ and 

FD2 by the reference signal u ^ and the phase detector filters pass only the 

slowly changing components of the resulting products. 

The operations performed by the phase detectors can be written conven¬ 
tionally as follows 
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(3-6.5) 


U PD z = k FD u in z u in Z> 


U PD y " k PD u in y u in Z’ 


where the line over the product denotes an averaging operation. 

An ideal multiplier performs the multiplication of two harmonic oscilla¬ 
tions with the coefficient 0.5. Since the phase detector is not such an ideal 
device, in the following formulas this circumstance will be taken into account 
by the phase detector transfer constant kpp. 

The voltages at the output of the direction finder are related to the 
voltages Upp z and u^ by the expressions 


^F z “ k 2 u PD z> 
U DF y = k 2 u PD y’ 


(3.6.6)' 


where k^ = ^A^kD^DCA is ' transfer coefficient of the output device of the 
direction finder, and k.^, k pcA are ^ rans ^ er coefficients of the 

video amplifier, peak detector and dc amplifier. 

In the derivation of formulas (3-6.6) it was assumed that both chan- /112 
nels have output devices of equal amplification. 

Combining formulas (3.6.6), (3-6.5) and (3*6.4), we obtain 


“of* = j u l F (A©) (1 + cos <p y ) sin <?„ 

*t, F y = j U 2 o F (AO) k\k^Ji 2 (1 + cos ?*) sin <p y . 


(3.6.7) 


After substituting the values cp z and cpy from (3*6.2) into (3-6.7) we final¬ 
ly will have 


J (A 8 ) k\k F & 2 (1 + cos (p y ) sin sin A®,) , 
u DF y—J “V* (A®) (1 + cos<p j sinsinA® y ) . 
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It follows from ( 3 . 6 . 8 ) that the voltage at the direction finder output is 
related to the angle of deflection of the target by a nonlinear dependence. 

The equisignal direction, that is, the direction where u^p, z = u^p, = 0, 

coincides with the direction of the axis of the antenna (A 0 = A 0 = 0). 

z y 

The transfer constants of the direction finder for the lateral and longi¬ 
tudinal deflections, determined as the steepness of the direction-finding 
characteristics of the corresponding channel in an equisignal direction 

*bF* = [ ImT ]i«. - 0 and *dfV = ["dAflf] 4 e y - 0 ’ 


are equal to 


*, F ,= U*F* (A 6 ) k^ o k 2 (1 + cbs ?y ) ^ . 
Abry = up* (A®) k\k^ 0 k 2 (1 + COS f t ) . 


Formulas (3.6.9) show that the steepness of the direction-finding charac¬ 
teristic of each channel is dependent on the transfer constant of the individ¬ 
ual links of the direction finder, the input signal level and the angle of 
deflection of the target in the plane normal to the deflection plane for the 
considered channel. 

The instability of the steepness of the direction-finding characteristic 
vith a change of the level of the received signal is eliminated to a consider¬ 
able degree by automatic volume control. 

The dependence of the steepness of the direction-finding characteristic 
on the angle of deflection of the target in the plane normal to the plane of 
deflection of the target for a particular channel indicates the presence of a 
singular cross connection between channels. This connection is such that the 
sensitivity of the direction finder for any one coordinate decreases with an 
increase of target deflection for the other coordinate. 

Such a connection is characteristic of any type of direction-finding /113 
apparatus in the case of large deflections of the target from an equisignal 
direction when the direction-finding characteristic becomes essentially non¬ 
linear. It was not taken into account in the construction of the block dia¬ 
gram of the direction finder with conical scanning, since only the linear 
variant corresponding to small values of angular deflections of the target from 
an equisignal direction was considered. 

Figure 3*20 shows the block diagram of a direction finder constructed 
using equations (3.6.8). The cross connection has been shown conventionally 
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Figure 3-20 


in order not to complicate the drawing. In addition, the following coefficient 
was introduced for shortening the expression 

7 *!*,„**• 


In the case of small deflections of the target, when the replacement cos 

cp « 1 , sin cp « cp is admissible, the block diagram breaks down into two 

z,y z,yz,y 

independent channels with identical transfer constants 

*o F = ^ (A®> *!-TT • (3.6.10) 


After introducing the complex coordinates A 9 = A 6 Z + jA0y and u^p = u^p z + 
jupp y, we obtain 


u = k A0, 
DF DF 


( 3 - 6 . 11 ) 


where k^p is determined using formula ( 3 . 6 . 10 ). 

Thus, in the case of small mismatch angles the direction finder of the con¬ 
sidered type can be represented in the form of a single link with a real trans¬ 
fer constant. 


We now will discuss the selection of some parameters of the antenna sys¬ 
tem, characterizing it as a link of the automatic control system. From this 
point of view the antenna performs the function of conversion of the angular 
deflection of the target, from the equisignal direction into a change of phase 
of a high-frequency oscillation, in accordance with the equation 


2nd a 
<P = —r— sin A0. 


The efficiency of this conversion is characterized by the coefficient /ilk 
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2nd 
X * 


( 3 . 6 . 12 ) 


V 


The larger the value k 


<P’ 


the greater is the sensitivity of the direction 


finder. 


However, 


an extreme increase of the coefficient k^ 


can lead to ambigu¬ 


ity in reading of the angles and therefore to the appearance of false equisig- 
nal directions. The appearance of spurious equisignal directions can be 
avoided if it is required that, with a change of the angular position of the 
target within the limits of the width of the directional diagram, the phase 
shift of the high-frequency oscillation falls in the limits ±n. 


Mathematically this condition is written in the form 


~Y < arcsin , 


(3.6.13) 


vhere is the width of the directional diagram of one of the antenna elements. 

If the width of the antenna directional diagram does not exceed 20°, in 
place of ( 3 . 6 . 13 ) we can use the simplified expression 


< 


_A_ 
d * 


Formula ( 3 .6.13) makes it possible for a given width of the directional 
diagram to select the value of the conversion factor k and vice versa, from 

<P 


the given value k 




select the width of the directional diagram. 


We now will construct the block diagram of a direction finder with an 
instantaneous equisignal direction for amplitude direction finding. First, we 
vill write relations describing the conversion of information on the angular 
position of the target relative to the equisignal direction into an electrical 
signal. This is done using the method employed for obtaining similar relations 
presented in section 3*4. 


We will assume that all four antenna 
of identical configuration. 


elements have directional diagrams 


Figure 3*21 shows in a Cartesian coordinate system the position of the 
T.axima of the directional diagram of the antenna elements relative to one an¬ 
other and relative to the equisignal direction. Here the point o' denotes 
the trace of the equisignal direction on the plane of the drawing and /115 


1 ’ 2 * 


o , o t denote the traces of the maxima of the directional diagram. 
3 4 


We will assume that the angular deflections of the maxima of the directional 


diagram of the individual antenna elements ^Q2> 


P 03 ana 


are identical 
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Figure 3*21 


and equal to In addition, we will assume that the values of the angles of 

displacement of the maxima relative to the axes of the coordinate system related 
to the equisignal direction also are equal to one another, that is, 

Pozl = P 0yl = = Poy2 = ?<>23 = ? 0 y 3 = ?o*4 = ?0y i “ Po c • 

Under these conditions 

Po c =7=fV (3-6. lb) 

Assume = F(f3^), where i assumes the values 1, 2, 3> 4, is the equation 

of the normalized spatial amplitude directional diagram of one of the antenna 
systems, written in a coordinate system related to the position of the maximum 
of the directional diagram of this element. Here f3^ = P zi + is the com¬ 

plex unfixed angle. Since the reading of the angular coordinates of the target 
is accomplished relative to the equisignal direction, the equation of the direc¬ 
tional diagram should be written in the coordinate system o f p f z jP ? y. After 
replacing (3^ = - f3 Q ^, we obtain 

^ = F(P'-p 0i ). (3-6.15) 

If each of the diagrams has axial symmetry relative to the direction of* 
the maximum, then 
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^=F(ir-p 0i D- 


(3.6.16) 


Since p 


Oi 



with the arrangement of the antenna elements shown in 


figure 3.21, we will have 


♦ 





Replacing the unfixed value of the angle P' in ( 3 . 6 . 16 ) by the angle A© 
characterizing the deflection of the target relative to the equisignal direc¬ 
tion, we obtain expressions describing the conversion of the angular coordi¬ 
nates of the target into electrical signals. 

As the emf in the circuits of the antenna elements A.., A p , A , A, , we can 
write 1 d i 4 

<?a, = UoF (/(A0,-poc) 2 + (A0 y -poc) 2 ) sin mt, 

e \2— ^V^CV^ASj + Poc ) 2 + (A® y — Poc) 2 jsino)/, . ^ ^ 

^A 3 = 6f o F(|/(A0 z — Poc) 2 + (A0 y + Poc) 2 ) sin u>t, 

= (A0z + Pec) 2 + (A® y + Po () 2 )sin u>t. 


It follows from (3.6.17) that there is a nonlinear dependence between /ll6 
the angular deflections of the target and the amplitudes of the received 
signals. In the case of small deflections of the target relative to the equi¬ 
signal direction, expression ( 3 . 6 . 17 ) can be linearized by expanding the func¬ 
tion describing the directional diagram into a power series. Then 


+ A«,+ 

L “ '^oc 

f^((i„B y n 

% K--'> c y 


+1 

e Kl — U 0 


&y * &o C 


y 1 oc 
sinio/, 


p ,0 x 1 r dF ^i, p y ) I 
F (po) +[ w, k -+h c A0z + 


,r^(p s ,p y )i -I 

"•"l Wy k' + ?.C Ay 

*\v = ^0 C 


V , _ 3' C 

* y ' 0 c 


sina)<, 


e A3 — ^0 




+1 


r^(P z , 3y) 


di v 


k— Poc A0y 

^y “ + ^0 c 


^y = + ‘ 3 o c 


sin to/, 


121 


Digitized by 


Google 



e M — Uo 
+ 


|>w+ 

r«P(P® Py) 1 
dp, >, 


p y 

r py) 

k- + ?°c A8y | 

L dp. 


Py " + ^0 c J 


sin«<. 


Taking into account that the derivative ^^ ^ Q ) we finally write 

dP#,y 


*A, = U*FQ «) [1 + *;a 9, + *>6,1 sin ut, 
*aj = U 0 F$o) (1 - * m A6, + *>6,1 sin mt, 
e M = UoF® o) (1 + *>•, - *>9,] sin® t, 

*A4 = (Po) |1 - *> e , - *>9,1 sln ®<- 


( 3 . 6 . 18 ) 


The following notation is used here 



dF{K Py) | 

W».y Jfr-i^oC 
Vy m± VoC 

FlM 


If the directional diagram is approximated by an exponential function, /117 
the following dependence exists between the coefficient k m , determined by 
formula (3.4.14) and the coefficient k’ ! 


The relations (3-6.18) are basic for writing the following equations for 
signal conversion in a direction finder with amplitude direction finding, 
similar to the expressions (3-6.1) for a direction finder with phase direction 
finding. 

The subsequent signal conversions are similar to those described earlier 
with the sole difference that in this particular type of direction finder there 
is no phase shift by «/2 in the add signal channel. 

Now we will write the final expressions for the voltages at the output of 
the direction finder 

Converting to complex coordinates, we obtain 


( 3 . 6 . 19 ) 


122 


Digitized by LjOOQle 



^DF " k DF A0J 


(3-6.20) 


vhere k = 2U 2 F 2 (P k k' 

DF 0 0 1 FD 2 m 


is the direction finder transfer constant. 


Thus, in the last analysis the block diagram of a direction finder with am¬ 
plitude direction finding consists of a single inertialess link with a real 
transfer constant. 

In particular, the simplificty of the block diagram can be attributed to 
the fact that only the linear regime of operation of the direction finder, cor¬ 
responding to small mismatch angles, was considered. 

In the case of large angles of deflection of the target from the equisig- 
nal direction and in this particular type of direction finder it is necessary 
to expect the appearance of cross connections between the channels similar to 
those which occurred in the direction finder with phase direction finding. 

The special characteristic of direction finders with an instantaneous equi- 
signal direction is that each such apparatus includes several signal conversion 
channels which are similar in function. The relations presented above are cor¬ 
rect for a case when all the conversion channels of the same type are iden¬ 
tical, as occurs in an ideally adjusted direction finder. However, in actual 
practice, such an electrical symmetry can be disrupted for one reason or an¬ 
other. The nonidentity of the amplitude characteristics of the elements of the 
direction finder performing identical conversions in different channels leads 
to a relative change of the amplitudes of the signals passing through /ll8 

these elements. The difference in the phase characteristics of the elements 
of the same type in the channels causes the appearance of a relative phase 
shift between the signals passing through them. Therefore, hereafter for 
brevity the difference of the amplitude characteristics will be called ampli¬ 
tude unbalance, and the difference of the phase characteristics will be called 
phase unbalance. 

Amplitude and phase unbalance exert an unlike influence on the operation 
of the direction finder, depending on whether they occur before the formation 
of the add-subtract signals (so to speak, in the antenna system) or afterwards 
(in the receiver). 

In phase direction finding the phase unbalance in the antenna system causes 
a displacement of the zero of the direction-finding characteristic, which is 
equivalent to displacement of the equisignal direction relative to the axis of 
the antenna. The value of the displacement of the equisignal direction in any 
one plane is expressed by the formula 


A Q 


err 


arcsin <p, 



( 3 . 6 . 21 ) 


or for small values 


*1 
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Here cp-^ is the relative phase shift of signals passing through two similar 
channels of the antenna of the system. 

An amplitude unbalance in the antenna system of a phase-type direction 
finder does not lead to displacement of the equisignal direction. 

In a direction finder with amplitude direction finding the phase unbalance 
causes displacement of the equisignal direction by the value (ref. 108 ) 


A0 err = — 

err K 


+ sin^ cp^ tan^ cp^- 1 


sin (p^ tan cp 2 


( 3 . 6 . 22 ) 


p 

for small values of phase shifts cp-^ and cp^, when the inequality sin cp^ 
tan^ cpg « 1 is correct. 


A0 


sin cp^ tan cp£ 


err 


2k' 

m 


(3.6.23) 


where is the relative phase shift of the signals passing through two similar 
channels of the receiver. 

It follows from (3.6.23) that the error in the position of the equisignal 
direction occurs only when there is simultaneously a phase unbalance in the 
antenna system and in the receiver. 

The errors in the position of the equisignal direction in the case of an 
amplitude unbalance are determined by the relation 


A e 


err 


~ 2k' 7. + 1 • 

T71 


( 3 . 6 . 21 +) 


1 

Here q n = -— characterizes the value of the unbalance of the amplitudes /119 
i ^ 

occurring in the antenna system. 

Thus, for elimination of the systematic errors in the position of the 
equisignal direction in direction finders of the considered types, the antenna 
system must be regulated carefully. 
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If such a regulation is made, the amplitude and phase unbalance in the 
receiver no longer causes displacements of the equisignal direction and is re¬ 
flected only in the steepness of the direction-finding characteristic, or, 
vhich is the same, on the value of the direction finder transfer constant. 


It can be shown (ref. 4l) that in the case of nonidentity of amplifica- 

k2 

tion of the different receiver channels, characterized by the value qg = 
and with a relative phase shift q >2 of the signals passing through two similar 


channels of the receiver, the transfer constant of the direction finder is 
determined by the relation 


k* = 
DF 


DF 


<j 2 cos cp 2 . 


(3.6.25) 


Here is the transfer constant of a direction finder with ideal regu¬ 


lation. In the case of an amplitude-type direction finder it is expressed by 
formula (3.6.20), and for a phase type by formula (3.6.10). Formula ( 3 . 6 . 25 ) 
shoe’s that the presence of phase unbalance in the receiver leads to a decrease 
of the sensitivity of the direction finder. When cp = ir/2 there is a total 


loss of sensitivity. 


and when 2 < ^2 < 2 71 s ^-& n the mismatch signal be¬ 


comes opposite, which leads to disruption of operation of the coordinator. 
However, such a case is possible only when the direction finder operates in¬ 
correctly. 


The fact that the position of the equisignal direction does not change 
when there is an amplitude and phase unbalance in the receiver (if the antenna 
system is regulated) is an advantage of a direction finder with add-subtract 
signal analysis over other simpler direction finders. 

In a direction finder with phase direction finding there is a relatively 
simple relationship between the displacement of the equisignal direction rela¬ 
tive to the axis of the antenna and the relative phase shift of the received 
signals introduced by the antenna of the system. This relationship is ex¬ 
pressed by formula (3.6.21). This circumstance is exploited for displacement 
of the equisignal direction electrically. 


The principle of operation of direction finders with electrical displace¬ 
ment of the equisignal direction is as follows. High-frequency phase /12 

inverters are introduced into the waveguide system connecting the antenna 
with the add-subtract devices (fig. 3 - 17 ); these phase inverters are used to 
change the phase shift of the received signals by a definite value, known in 
advance. _ 
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Shifting of the phase of the received signals by the phase Inverters 
reduces the voltages at the output of the direction finder to zero, compen¬ 
sating the phase shift of the signal caused by displacement of the target from 
the axis of the antenna. By knowing the parameters of the antenna system and 
the values of the phase shifts introduced by the phase inverters and using 
formula (3.6.21) it is possible to determine the angle by which the target is 
deflected from the axis of the antenna. If the phase shifts are introduced 
automatically on the basis of the mismatch signals appearing at the output of 
the direction finder with displacement of the target from an equisignal 
direction, such an apparatus performs the automatic tracking of the target in 
direction with the antenna in a fixed position. 


We will construct the block diagram of a direction finder with electrical 
displacement of the equisignal direction. The phase of the received signal 
in each supply waveguide is dependent on the deflection of the target both in 
the plane ° m x tn z m and in the plane o m x m y m (fig. 3.19). The phase inverter 


apparatus therefore should permit independent compensation of these phase shift 
components. With respect to an electrical phase inverter, this condition 
means that the ferrite in each of them should have two windings, the current in 
one of them being regulated in dependence on the value and sign of the mismatch 
signal Upp, z , while the current in the other is regulated in dependence on the 


value and sign of the mismatch signal U. 


DF y‘ 


The direction of the ampere turns 


of the windings is set in such a way that the phase shift introduced by the 
phase inverter is opposite in sign to the phase shift of the signal caused by 
displacement of the target relative to the axis of the antenna. 


If all the phase inverters are identical and do not introduce additional 
attenuation, in place of (3.6.1) we will have 


e M = U 0 F( A0)sin + Y). 

e A2 = *V(A6) + 

e A3 = U 0 F m + Y + 

*a« = U»Fm sln («,* - ^ + - Y _ 3a. + Jfel) . 


where cp^ z is the phase shift introduced by the phase inverter for compensation 

of the phase shift of the signal caused by displacement of the target in the 
plane ° rn x m z m , and cppy is the phase shift introduced by the phase inverter for 


126 


Digitized by LjOOQle 



compensation of the phase shift of the signal caused by displacement of the 

target in the plane o x y . 

m m m 


We use the notations 


/121 


A<Pz = ! Pz- Ifc.. 
A<Py = <Py ^ V 


Then equations (3-6.26) assume the form 

*a, = U 0 F (AO) sin («/ + if - + . 

e A2 = UoF m sin (•/ + - -*£*), 

e A3 = U 0 F (A0) sin («./ - if- + . 

= U*F (A0) sm (u>* — if- — , 


(3-6.27) 


Equations (3.6.1) are transformed into ( 3 . 6 . 27 ) if cp in each of them is 

y 

replaced by Acp and cp z by Acp z . Therefore, in place of (3.6 j) we immediately 
write y 


Uofz — U\F* (A0) k\k po k 2 (1 + cos A<Py) Sin A?*, 
% FV = j ^*/ ra (A0) (1 + cos A?,) sin A? y . 


( 3 - 6 . 26 ) 


Since in the process of automatic tracking of the target, Acp z and Acpy will 
be small, it can be assumed that cos Acp « 1, sin Acp « Acp , and in 

z > y z j y z > y 

2jrd 

addition, for small angles, cp„ « —— A0_ . 

z y J \ z ) J 

Then 


= = A0 Z - 

*tjFy ^DF^y Tpy) = ^ DF ( \ A0 y *£>y) * 


(3-6.29) 
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where the following notation is used 




where kp^ is the transfer constant of the phase inverter, and u^ z and u are 
the voltages fed to the windings of the phase inverter. 

Converting to complex coordinates, we obtain 


(3.6.30) 


Formulas (3.6.29) and (3*6.30) can be used for constructing the block dia¬ 
gram of a direction finder with electrical displacement of the equisignal /122 
direction. For real coordinates, the block diagram is shown in figure 3*22a, 
and for complex coordinates, in figure 3*22b. 



Figure 3-22 
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The block diagrams of the above-mentioned direction finders with an 
instantaneous equisignal direction, in the case of small deflections of the 
target from an equisignal direction, reduce essentially to a single inertialess 
link with a real transfer constant. In the case of large angles of deflection 
of the target a "crossover” feedback is formed between the channels, leading 
to a decrease of the transfer constant of the direction finder, but as before 
its value remains real. 

However, it should not be supposed that, in contrast to a direction finder 
vith conical scanning, the dynamic properties of a direction finder with an 
instantaneous equisignal direction always will be described by a real transfer 
constant. Departure from the classical model of such a direction finder, 
described above, can lead to direction finder circuits in which the transfer 
constant will be a complex value. For example, in a direction finder in which 
there are two amplification channels instead of three (ref. hi), additional 
phase shifts in the receiver lead to the appearance of direct antisymmetrical 
connections between the channels, and as a result its transfer constant becomes 
complex. 


3*7. Target Selection 

In an analysis of the operation of direction finders of different types 
in the preceding sections, it was assumed that a signal from a single target 
vas received by the direction finder antenna. However, in actual practice such 
a situation can be encountered only in rare cases, which can be attributed, in 
particular, to the low spatial selection of the antenna systems of the coor¬ 
dinators of homing rockets, caused by the small size of the antennas. For 
example, when the "angle of view" of the direction finder is 20°, obtained 
using an antenna in the 3-cm wavelength range and a reflector approximately 20 
un in diameter, the direction finder at a range of 10 km will "view" a circle 
vith a diameter greater than 3 km. 

If there are several targets in the "angle of view" of the direction /123 
finder, the operation of an automatic tracking system based on angular 
coordinates becomes unstable. 

The selectivity of electronic homing systems is increased when additional 
selection is introduced, which makes it possible to detect the signals of 
only one target of those which are in the "angle of view" of the direction 
finder. 

Range target selection usually is used as additional selection in pulsed 
direction finders. Target selection on the basis of the rate of change of 
range usually is introduced in continuous radiation systems. 

The introduction of additional selection also solves a number of secon¬ 
dary but important problems: it protects the coordinator receiver from 
direct radiation in the case of semiactive homing, eliminates reflection from 
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the ground and increases the signal-to-noise ratio at the output of the 
receiver, which increases the limiting sensitivity of the direction finder, 
etc. 


Finally, automatic seleccors can serve as instruments for measuring the 
range coordinates or the velocity of approach in a case when it is necessary 
to measure such coordinates, for example, when controlling the time of detona¬ 
tion of the warhead. 


1. Range Target Selection 

The functional diagram of automatic range target selection, shown in 
figure 3.23, was constructed for use in the coordinator of a semiactive homing 
system. 

The selection circuit includes a receiver and the antenna of the 
direction-finding channel, a system for automatic tracking of the target in 
range, a receiver and the synchronization channel antenna. The antenna 
of the synchronization channel is mounted in the rear part of the rocket, /12k 
and together with the receiver of the synchronization channel is used for 
reception of the sounding pulses of the radar station for "irradiation" of the 
target. These pulses are used for triggering the time delay stage of the sys¬ 
tem for automatic range tracking of the target. 

In the coordinator of a system for active homing there is no synchro¬ 
nization channel in the form in which it has been described above. Its role 
is performed by a synchronizer producing pulses for triggering the transmitter. 

The system for automatic range tracking of the target (automatic selec¬ 
tor) includes: a time discriminator, a control device, a searcher, a time 
delay stage, a strobe pulse generator and a gate pulse generator. 

* 

Automatic range target selection is accomplished as follows. The video 
pulses of the target are fed from the output of the receiver of the direction¬ 
finding channel to the time discriminator. The latter is also fed two strobe 
pulses with a time difference. A mismatch signal is produced at the output of 
the time discriminator; the level is dependent on the value of the displacement 
of the center of the target pulse relative to the middle of the strobe pulses, 
or, in other words, on the value of the time mismatch between the target 
pulse and the strobe pulses. The polarity of the mismatch signal is deter¬ 
mined by the sign of the time mismatch. 

On the basis of the mismatch signal the control device forms a voltage 
causing a change of the duration of the time delay stage pulse. The search 
circuit is situated between the control device and the time delay stage. When 
the automatic selector operates in a regime of automatic target range tracking, 
the search circuit plays the role of an amplifier. 
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•Figure 3.23 


The time delay state is triggered by pulses fed from the synchronization 
channel and produces pulses whose duration is determined by the voltage fed 
from the control device. If the time mismatch between the target pulse and the 
strobe pulses is equal to zero, the duration of the pulses generated by the 
time delay stage is proportional to the rocket-target range. 

The gate pulse generator and the strobe pulse generator form gate pulses 
and strobe pulses, respectively. The time position of these two types of 
pulses corresponds to the time position of the clipping of the time delay 
stage pulse. 

The direction-finding channel receiver is blanked by a negative bias fed 
to the grids of the tubes of the intermediate frequency amplifier and this 
is removed only with receipt of a gate pulse. Since it is somewhat wider 
than the target- pulses, the triggering of the receiver occurs at the time /125 
directly preceding the time of arrival of the signal reflected from the 
selected target. Signals from other targets situated at different ranges with¬ 
in the limits of the "angle of view" of the direction finder do not pass to the 
output of the direction-finding channel receiver. 
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The selected pulses are fed from the output of the receiver of the 
direction-finding channel to the output device of the direction finder and 
to the automatic volume control system. 

The regime of automatic range tracking of the target, described above, 
is preceded by a regime of search and pickup of the target. The target can 
be picked up manually or automatically. 

The operator can pick up the target manually prior to the launching of 
the rocket. The operator, observing targets on the radar set scope, manually 
superposes the gate pulse on the mark of that target which is to be attacked. 
Further target range tracking is accomplished automatically by an automatic 
selector. 

Automatic pickup of the target can be accomplished automatically either 
at the launching site or in trajectory, that is, after the launching of the 
rocket. In an automatic search regime the gate and strobe pulses are moved 
along the time scale, or, which is the same, along the range scale, in con¬ 
formity to a periodic law determined by the form of the voltage produced by 
the search circuit. A target is picked up whose reflected signals possess 
sufficient strength. 

An advantage of manual pickup is that it is possible to select the tar¬ 
get to which the rocket should be guided, but in this case the range of rocket 
launching is decreased. 

In the case of automatic target pickup in trajectory the launching range 
is increased considerably, but at the same time in some cases the possibility 
of selecting the target is lost. 


2 . Velocity Target Selection 

Recently much attention has been devoted to radar systems with continuous 
radiation of radio waves. The coordinators of homing systems employing con¬ 
tinuous radiation, in some cases, have a number of advantages over pulse 
coordinators. One of them is the possibility of target selection on the basis 
of velocity. The introduction of velocity target selection makes it possible 
not only to detect a signal from a single target when there are several, but 
also to distinguish it among sufficiently strong signals arriving from the 
fixed background surrounding the target. The latter circumstances increase 
the efficiency of homing systems with continuous radiation when used against 
low-flying aircraft and ships (ref. 51). Velocity target selection is based 
on the use of the Doppler effect in which, as is well known, with the relative 
movement of the transmitter and receiver, the frequency of the oscillations/l2o 
picked up by the receiver differs from the frequency of the radiated oscillal 
tions by a greater value, the greater the velocity of their relative motion. 

The difference between the frequencies of the radiated and received oscilla¬ 
tions is called the Doppler frequency increment F D , or simply the Doppler 
frequency. 
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The Doppler frequency is related to the radial velocity component v r (t) 


of the relative movement of the receiver and transmitter by the following 
expression 


_. v r<*> _ v r(0 

c ~ \ ' 


(3-T.l) 


where f is the radiation frequency, \ is the wavelength and c is the speed of 
light. 

The oasis for target selection on the basis of velocity is that the 
automatic selector contains a narrow-band filter tuned to the Doppler fre¬ 
quency corresponding to the velocity of approach of the rocket to the selected 
target. Angular tracking is accomplished on the basis of the signal passing 
through the mentioned filter. Therefore, the signals arriving from other tar¬ 
gets, for which the approach velocity differs from the selected velocity, and 
signals arriving from the fixed background surrounding the target do not pass 
into the system for the tracking of the target on the basis of angular 
coordinates. 

One of the possible circuits for the selection of a target on the basis 
of velocity for a semiactive homing system is shown in figure 3.24. It con¬ 
sists of a direction-finding channel, a synchronization channel and a system 
for automatic tracking of Doppler frequency (automatic selector). In the 
selected variant the automatic selector circuit includes: balancing /127 

tixer BMg, narrow-band amplifier, frequency discriminator, search circuit, 

reactance tube and tunable generator. 

The operation of a system for automatic target selection on the basis of 
velocity involves the following. A signal reflected from the target arrives 
at the antenna of the direction-finding channel; its frequency is 


f DFC “ f + F D1 + F D2> 


where F is the Doppler frequency increment caused by approach of the rocket 
to the target, and F^ I s "the Doppler frequency increment caused by approach of 
the target and the transmitter of the "irradiating pulse." 


The antenna of the synchronization channel, situated in the rear part of 
tv- rocket, receives a signal from the radar set used for "irradiation" of the 
*t-vet. The frequency of this signal is 
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Figure 3.24 


where Fj^ is the Doppler frequency shift caused by withdrawal of the rocket 
from the transmitter of the "irradiating" pulses. 

These signals are fed to the mixers Mix 1 and Mix 2 . They also are fed oscil¬ 
lations with the frequency f^ from the common heterodyne Het. 

After conversion in the mixers and amplification in the intermediate fre¬ 
quency amplifiers IFA^ and IFA 2 of the direction-finding channel and the syn¬ 
chronization channel the signals are fed to the balancing mixer BM^ the sig¬ 
nal of the direction-finding channel has the frequency f - F - F and the 

in D1 D2 

signal of the synchronization channel has the frequency f. + f, where f = 
f^ - f is the intermediate frequency. in 

The frequency of the signal forming at the output of the balancing mixer 
is equal to F D “ F D1 + F D2 + F D3‘ 
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This signal is amplified in the Doppler frequency amplifier DFA to the 
level necessary for normal operation of the automatic selector. If the fre¬ 
quency Fp remained constant during the entire time of rocket guidance, it would 

be sufficient for target selection to narrow the DFA transmission band. How¬ 
ever, due to the change of velocity of approach, the frequency F^ changes its 

value in a relatively broad range. The circuit therefore should be supple¬ 
mented by an automatic selector, that is, by a narrow-band system for tracking 
the change of the Doppler frequency. 

The target velocity automatic selector can be designed in various ways. 

It is most common to use circuits with a "track" filter and with automatic 
trimming of the low-frequency "track" heterodyne (ref. 50). The voltage from 
the output of the DFA and the voltage of the "track" heterodyne are fed to the 
balancing mixer Bh^. The signal at the output of BM 2 has a frequency equal to 

the sum of the frequencies of the fed oscillations: F„ = F_ + F. . This signal 

L D h 

is amplified by a narrow-band amplifier with constant tuning and is fed to a /128 
frequency discriminator and to the output device of the direction finder, where 
it is used as the selected mismatch signal in the system for direction tracking 
of the target. If the frequency F^, changes its value relative to the nominal 

value, for example, due to the change of the Doppler frequency, at the output of 
the frequency discriminator there will be a mismatch voltage. By means of a 
reactance tube it changes the frequency of the oscillations generated by the 
"track" heterodyne by such a value that F^, again assumes its nominal value. The 

search circuit in the regime for tracking the Doppler frequency operates as an 
amplifier. The pickup of the target, as in the system for range tracking of a 
target, can be manual or automatic. In automatic target search, the search cir¬ 
cuit generates a voltage which changes in amplitude in accordance with a peri¬ 
odic law. Accordingly, there is a periodic change of the frequency of the sig¬ 
nal generated by the "track" heterodyne. The appearance in the search range of 
a signal with the frequency F p leads to cessation of the search regime. The 

automatic selector then automatically tracks the frequency F^. 


3.8. Block Diagram of a Fixed Coordinator 

A fixed coordinator consists only of a direction finder and therefore the 
processes in such a coordinator can be described by the equation 


^F 


DF 


t pd d + 1 


(3.8.1) 
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"T 1 


or 


«DF 


Figure 3.25 


Here y is the angular mismatch, u_ is the voltage at the output of the coordi 

Dr 

nator, k^j. is the direction finder transfer coefficient, and T is the time 

constant of the phase detector filter. 

If it is admissible to neglect the time constant of the filter, the equa¬ 
tion for a fixed coordinator assumes the form 


"df Y ' 


( 3 . 8 . 2 ) 


For the earlier discussed types of direction finders with an instantaneous 
equisignal direction, the transfer coefficient for the direction finder 

will be a real value. The same can be said with respect to direction finders 
with an integral equisignal direction in a case when there are no cross connec¬ 
tions between channels in the direction finder. The equation for a direction 
finder with a real transfer coefficient is obtained from (3.8.2) as a special 
case. 


The block diagram of a coordinator designed in accordance with equa- /129 
tion (3-8.2) is shown in figure 3-25. Here the angle e characterizes the 
position of the target relative to a fixed frame of reference and the angle 
determines the position of the longitudinal axis and the equisignal direction 
related to irrelative to this same frame of reference. 

These coordinator equations are correct only in a relatively narrow part 
of the entire n angle of view” of the direction finder. In a broader range of 
change of the angles y, the dependence between the measured value of the mis¬ 
match angle and the actual value of this angle has a nonlinear character. As 
mentioned, the form of this dependence gives the direction finder characteris¬ 
tic. It therefore follows that when a fixed coordinator is used it is impos¬ 
sible to employ guidance methods requiring the use of large deflection angles, 
since the difference in the measured and actual values of these angles exerts an 
appreciable effect on the quality of the operation of the homing system. 


3.9. Block Diagram of a Coordinator with Mechanical 
Displacement of the Equisignal Direction 

In addition to a direction finder, a moving coordinator contains a control 
device for moving the equisignal direction relative to the body of the rocket. 
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Extremely high requirements are imposed on the dynamic properties of the con¬ 
trol devices of the coordinators of homing rockets; a number of circumstances 
account for these high requirements. In particular, the coordinator should be 
well "decoupled" relative to the angular motions of the body of the rocket. 

This means that it should not reproduce the rapid angular oscillations of the 
rocket which are inevitable during its flight. Insofar as possible the errors 
in target tracking should be minimal, even in the case of relatively short 
ranges to the target, when the angulaf velocity of the line of sight is high. 

In addition, an important requirement imposed on the coordinators of a number 
I of homing rockets is the requirement of a precise and technically quite simple 
measurement of the angular velocity of the rocket-target line. 

It can be shown that the mentioned requirements are satisfied most com¬ 
pletely by a coordinator with a gyroscopic control device. In addition to its 
high dynamic qualities, an important property of such a coordinator is the 
absence of "hunting noise" in the control signal, which occurs in coordinators 
with other types of drives and which is caused by the need for controlling /130 
the angular oscillations of the rocket. In addition, as pointed out in 
reference 53 y an attempt to measure the angular velocity of the rocket-target 
line by means of a coordinator having a nongyroscopic drive causes the appear¬ 
ance of a positive feedback in the control circuit, which can lead to unstable 
operation of such coordinators. 

As an example of a moving coordinator with mechanical displacement of the 
equisignal direction we will consider a one-gyroscope coordinator (ref. 107 ). 

The functional diagram of the coordinator is shown in figure 3.26. This 
shows a three-power gyroscope which includes a rotor 1, an internal frame 2, 
an external frame 3 and two correcting motors 4 and 5- The axis o^x^ is the 

principal axis of the gyroscope. The axes o^y^ and o^z^ are equatorial axes. 

The gyroscope rotor is rotated relative to the axis o^x^ with the angular 

velocity 0 . An antenna system A is attached to the inner frame of the gyro 
6 

unit. The form of the antenna system is determined by the type of direction 
finder. 


The mismatch signal caused by the displacement of the target in relation 
to the equisignal direction, which coincides with the direction of the axis 
ox, is formed by the direction finder 6. It then is amplified in the power 

£ K 

amplifiers 7 and 8, and is fed to the correcting motors 4 and 5 which are used 
in imparting momenta to the internal and external frames of the gyroscope. 

The axis of the- gyroscope rotor will experience precession relative to the 
0 , y axis of the external frame of the gyroscope under the influence of the 

momentum created by the motor 4, and relative to the axis o^z^ of the internal 

frame of the gyroscope under the influence of the momentum created by the motor 
p. The system is phased in such a way that the precessional motion of the 
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axis of the gyroscope rotor leads to elimination of the mismatch between the 
direction to the target and the equisignal line. When the equisignal direction 
coincides with the line of sight the mismatch signal becomes equal to zero, 
which causes disappearance of the correcting momenta, and precession of the 
gyroscope ceases. 

In order to obtain the block diagram of the coordinator we will write /131 
the equations defining the processes in its individual links. 

The direction finder equation has the form 


u 


= k A6. 

OF DF 


(3-9.1) 


The power amplifier is represented in the form of an inertial link 


u. 




T a D + 1 ' %f' 


(3.9-2) 


where u^ is the voltage at the output of the power amplifier, and k & and T a 

are the amplification factor and the time constant of the power amplifier, 
respectively. 

The relationship between the correcting momentum developed by the cor¬ 
recting motor and the voltage fed to the motor is expressed by the equation 
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M ■ Jk M U K - 


(3.9-3) 


Here k 


M 


is the momentum transfer coefficient of the motor. 


The factor -J 


takes into account the cross distribution of the correction signals. Finally, 
the gyroscope transfer function can be obtained by using an equation relating 
the applied momentum to the complex angle of turning of the axis of the 
gyroscope rotor. The linearized gyroscope equation has the form 


•4*« M, 


(3.9.M 


Here J e is the equatorial moment of inertia of the gyroscope, 


H 


Jfi is the 
g 


kinetic moment of the gyroscope, and J is the moment of inertia of the gyro¬ 
scope rotor relative to the principal axis. 


In operational form equation (3.9-^) can be written as 


**— H D( 1 + jaD) 


M. 


(3.9-5) 


J e 

Here a --- 

Equations (3-9*1)* (3*9-2), (3-9*3) and (3-9-5) were used to construct the 
block diagram of the coordinator shown in figure 3 - 27 - 

The input action e is a complex angle characterizing the position of the 
target in a nonrotating coordinate system ° m x m y m z m (fig. 3*26). The out- /132 

put value is the angle € , determining the position of the equisignal direction. 

The block diagram contains three links reflecting the dynamic properties of the 
direction finder, the power amplifier and the gyroscopic control apparatus. 

Since the equations which were used in the construction of the block diagram 
vere written for complex coordinates the block diagram is for a single-channel 
apparatus. The presence of links with complex transfer functions in the single¬ 
channel circuit indicates that in a two-channel circuit, corresponding to the 
vriting of equations for real coordinates, there are cross connections between 



Figure 3-27 
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Figure 3.28 


channels. This can be confirmed by converting from the writing of equations in 

complex form to their writing in real form. In actuality, assuming for 

small deflection angles in equations (3.9 «l)-( 3*9-5) e = e„ + je - e v = 

w ■ ^ y jv 

ju, 

e K2 + l£ Ky’ V ■ “bf z + JU DF y' “K “ “kz + J \y anli h? * V 5 ' wa 

obtain the system of equations 


= ^>f a6 * cos \ x — k or ^y sin ?• 
“df> = ^>F Afl y sln I* + cos I*. 

U * { ~ >C|| %F»- 

Gl 

u *y = r D + 1 U ory 
a 

e K z ~7feD~ Ukz “f“ ^^ S Ky» 

e Ky " h^D a “y 

A 6 Z = 6 Z — e KZ. 


(3.9.6) 


Figure 3*29 shows a block diagram constructed on the basis of equations 
(3.9.6). The circuit has two cross connections between channels. The first is 
due to the presence of an additional phase shift p, of the mismatch signal in 
the direction finder, and the second to the presence of an equatorial moment of 
inertia J e of the gyroscope. Both connections are antisymmetrical: the /133 

first is a direct link and the second is a feedback (ref. 5b). If the phase 
shift ix is insignificant in absolute value and the equatorial moment of inertia 
of the gyroscope is small in comparison with its kinetic moment, the cross con¬ 
nections can be neglected. The channels become autonomous and the block dia - 
gram of the coordinator breaks down into two identical circuits. In this case 
the analysis of the spatial movement of the coordinator can be reduced to an 
analysis of both plane movements. 
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Figure 3.29 



We will assume that the cross connections are negligibly small and we will 
establish the principal properties of the coordinator with a gyroscopic drive. 

It vill be demonstrated below how important it is to take cross connections 
into account. Since the circuits of both channels are completely identical when 
there are no cross connections, in the subsequent computations the subscripts 
shewing to which channel the variable apply will be omitted (fig. 3*30). 

The transfer function of an open circuit of the coordinator is written as 


W ID)- ^ 

— h^D(T b D+ 1) — D(J^0+1) • 


(3.9.7) 


Ty If Jr 

Here k„ b --—M is the amplification factor of the velocity coordinator. 

H g 

We note that the transfer coefficient of the electronic part of the coor¬ 
dinator—the direction finder—is included as a factor in the velocity amplifi¬ 
cation factor. 

The dependence between the angle €, characterizing the direction to /13^ 
the target, and the angular position of the equisignal line e is given by 
the relation K 


r K (D) _ k v 
8|t — 1 + W K (D) 6 T a D* + D + ky*' 


(3.9.8) 
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It therefore follows that a coordinator, as an apparatus for measurement of 
the angular position of the target on the basis of dynamic properties, is 
equivalent to an oscillatory link. 


Since the correcting moment is proportional to the voltage fed to the 
correcting motor u c , and the rate of precession in turn is proportional to 

the applied moment, by measuring u c is is possible to determine the rate of 

precession. In the case of automatic tracking of the target the rate of move¬ 
ment of the coordinator axis will be equal (with an accuracy to transient 
processes) to the rate of movement of the rocket-target line. Therefore, the 
voltage u c characterizes the angular velocity of movement of the line of sight. 

In actuality, the connection between the angular movement of the target and the 
voltage u c is determined by the relation 


k DF k a 


u^ = 


T + D + k. 


6 . 


(3.9.9) 


In steady-state movement, in the case of a constant angular velocity of 
the rocket-target line, we have 


U C “ k 


e. 


M 


(3.9.10) 


With respect to its dynamic properties, the coordinator as an apparatus for 
measuring singular velocity also is equivalent to an oscillatory link. 

Formulas (3*9*8) and (3.9*9) can be simplified if the inertia of the power 
amplifier is small. When the condition T ky « 1 is satisfied, in place of 
(3-9.8) and (3.9.9), we obtain ~ 


where 


8 , 


1 


u 


K ~ TD -H I ^ 

* M (rz> +1) 


(3.9.11) 

(3-9.12) 



In this case the coordinator, on the basis of dynamic properties, both 
with respect to angle measurement and measurement of the angular velocity of 
the line of sight, is equivalent to an inertial link. 
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Using the coordinator described above it is possible to measure also the 
angle y between the direction to the target and the longitudinal axis of the 
rocket. The coordinator is coupled to a potentiometer for measurement of the 
angle y in any plane. The body of the potentiometric sensor is attached /135 

■to the axis of that frame of the gyroscope in whose deflection plane the 
angle y is measured, and the sliding contact of the sensor is connected to the 
tody of the rocket. In the dase of automatic tracking of the target the volt¬ 
age from such a sensor will be proportional to the angle y between the direc¬ 
tion of the target and the longitudinal axis of the rocket. 

The relations obtained above, characterizing the dynamic properties of 
he coordinator for an ideal case when there are no cross connections between 
the channels, make it possible to judge both the stability of the system and 
the quality of the processes of control. In particular, it can be concluded 
that the coordinator maintains stability regardless of how large the amplifica¬ 
tion factor may be, since the characteristic equation of the system has the 
Second order of magnitude. This assertion requires explanation. In the 
lerivation of the formulas for the transfer functions of the coordinator a 
fiimber of simplifying assumptions were made. For example, no allowance was 
iade for the inertia of the direction finder, and the inevitable nonlinearities 
Characteristic of actually constructed automatic control systems were not 
teken into account, etc. Allowance for the mentioned factors naturally modi¬ 
fies somewhat the conclusions drawn concerning the stability of the system. 

Now we will clarify the effect of cross connections on the dynamic pro¬ 
perties of the coordinator, retaining those simplifying assumptions which were 
I2ae above. The results will make it possible to compare the properties of a 
tystem having cross connections with the properties of an idealized system. 

1 When cross connections are taken into account the equation relating the 
fctput angle of the coordinator to the angle characterizing the position of the 
fcrget is written as 

I 

I kyr 

,, = £)(r/) + l)(lt JaD) + \ *• (3.9.13) 


The influence of cross connections on the stability of the system can be 
^presented most graphically by defining a region of stability in the plane of 
* ne complex parameter (ref. 30 ) • As such a parameter it is convenient to use 
complex coordinator velocity amplification factor k^.. In accordance with 

fce D separation method, used in defining the region of stability, in the char- 
fcteristic equation of the system, which for the considered coordinator has the 
brm 


D ( T a D + 1) (1 +JaD) + U y = 0, 


(3-9.14) 


jt is necessary that D be replaced by jcu. 
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In the derived expression the independent variable will be «), which 
changes from -<® to 00 , and the function will be the complex coefficient k^ = 

*Vl + ^^V2’ ^ e P en ^ ences = ^( U) ) an< ^ ky2 = ^ 2 ^ represent the 

parametric equations of the boundary of the region of stability in a Cartesian 
coordinate system ok jk . 

After replacing D by ju) in (3.9*1^)> we obtain 


k y = — ja> (/“fg + 1) (1 ■— <*<■>) — —+ r a «.» -f- j (—w — aw 1 ). 


Hence 


kyi = Tq 1 " 2 - T a au,3 > 
p 

ky 2 = -U) - acu . 


(3.9.15 


We now transform equations (3.9*15), 
the dimensionless parameters 

k V\ — k V\\' k V2 — k V2 T &> k V = k V T a 

Then from (3.9.15) we obtain 


converting for convenience to 


a, = y and co, = a»r. 
a a 


,/l3 


* vi ~ (1 — a i w i)» 

ky2 — — «| (1 + ^l w |). 


( 3 . 9.16 


Formulas (3 9*l6) are used to determine the regions of stability of the 
coordinator in the plane of the complex transfer constant for different value? 


of the parameter a-^ 


Jfi T 


g a 


characterizing the value of the cross connection 


caused by taking into account the equatorial moment of inertia of the gyroscop 
(fig. 3.31). The rays drawn from the origin of coordinates intersect the 
curves, being the boundaries of the region of stability, at points with iden¬ 
tical values of the relative frequencies cd . 


When taking into account only the one cross connection caused by the add: 
tional phase shift of the mismatch signal in the direction finder (case a^ = 0 

the region of stability is bounded by a parabola (curve a^ = 0 in figure 3.31; 


The upper branch of the parabola corresponds to negative values cd^, and the 
branch of the parabola situated below the x-axis corresponds to positive value 
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Figure 3*31 


[ If the parameters of the coordinator are such that the so-called figura- 
|ve point lies within the region bounded by the parabola, the coordinator is 
pie (in figure 3 -31> the point A with the coordinates k 'y a M> a ) • Movement of 

e figurative point to the boundary of the region of stability (to one of the 
anches of the parabola) means that the particular solution of the equation of 

±juut 

aracteristic motions of the coordinator will have the form e^. = e^e . /137 

erefore, the axis of the coordinator will experience circular motion and this 
equivalent to a loss of stability. We note in passing that, whereas the con- 
pt of negative frequency for unidimensional systems in a certain sense has an 
bitrary character, for two-dimensional systems it is completely specific, 
r example, the change of the sign of frequency in the solution of the con- 
Wered example means a change of the direction of rotation of the axis of the 
jordinator. 

, Thus, using the diagram (fig. 3-31) it is possible to judge the stability 
'■ coordinator if the values of its parameters (k^T a and p.) are given in 

f ance, or such values of these parameters are selected which ensure the stable 
ration of the coordinator. 

An important problem in the investigation of a coordinator is the admis- 
*>le value of the phase shift pi, introduced by the direction finder, or, in 
J* r words, the admissible value of the skewing of the axes of the measurement 
ordinate system. Figure 3*31 shows that for each value of the product kyT fl 

^re is a corresponding minimum phase shift angle pi for which the coordinator 
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becomes unstable. The mentioned angle will be called the critical phase shift 
angle M> cr - 

It is easy to obtain a dependence establishing the relationship between the 
critical angle of the phase shift and the coordinator parameters. In actuality, 
from ( 3 . 9 . 16 ) when a^ = 0 we have 


*w = -i. 

k V 2 = —<i>|. 


(3.9.17) 


But at the same time 


&VI — ^V' c0s f x cr 

* Y2 = 


(3.9.18) 


k 1 


VI 


After excluding from equations 
and determined by equations 

tan a sin 
cr 


( 3 . 9 . 17 ) and 

(3.9.18) , we 

_1_ 

'cr - k v T a ■ 


substituting the values 
obtain 


( 3 . 9 . 19 ) 


By solving equation (3.9.19) for [i cr , we obtain 


a, = ± arc cos 
^cr 


(/ 


1 -f ■ 


1 




v'a 




' r «)- 


(3.9.20) 


Figure 3*32 shows the dependence of the absolute value of the critical 
phase shift angle | p, cr | on the product kyT a . In the case of large values , of 
the product kyT a , expression (3-9-19) can be used to obtain an approximate ex¬ 
pression for the critical phase shift angle 


_ J_ 

^cr^ “ y' k v T a 


(3-9.21) 
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Figure 3.32 


The dependence ( 3 . 9 . 21 ) has been shown in figure 3.32 by a dashed line. 
The admissible value of the phase shift angle should be less than the critical 
value by at least a factor of 5 - 10 ; this will be discussed in greater detail 
below. 


Now we will take into account a second cross connection, caused by the 
presence of the equatorial moment of the gyroscope. When a^ ^ 0, the region 

of stability becomes asymmetrical relative to the x-axis. For negative values 
of the cited frequency ou^, the boundary of stability is situated somewhat 


above the curve = 0 and the farther from it the greater the value a^. 


For 


positive frequencies the boundary of stability is represented by a closed 
curve situated within the region bounded by the parabola a. =0. The 


A 38 


dimensions of the region of stability decrease with an increase of a^. This 


configuration of the boundary of stability is due to the specific form of the 
frequency characteristic of a corrected gyroscope, which, as is well known, 
has two peaks, one of which is situated at a zero frequency, while the other 


is at the nutation frequency fi n 




When constructing the limits of stability for the case a^ / 0 we inten¬ 


tionally selected relatively large values of the parameter characterizing the 
degree of cross connection so as to reflect more graphically the decrease of 
the size of the region of stability with an increase of the equatorial moment 
of the gyroscope. In correctly planned systems the values a^ are such that 

for the actually recorded values of the coordinator parameters (k^, T & ) the 


boundaries of stability pass near the curves a = 0 . 
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The relationship between the critical phase shift angle p. and the coor¬ 
dinator parameters is given by the equation cr 


tan \i cr sin n cr 


k V T a k v T& tan ^cr 


(3-9-22) 


which differs from equation ( 3 . 9 - 19 ) only by the additional term on the right- 
hand side which becomes equal to zero when a^ = 0. For small values a^ the 

value of this terra is small and conclusions on the admissible limits of change 
of the angle 1 x can be drawn on the basis of the curve in figure 3 . 32 . 

Now we will clarify the influence of cross connections between channels 
on the quality of control processes. We recall that in the absence of cross 
connections the motion of the coordinate axes when the coordinator is tracking 
a target consists of two independent motions--lateral and longitudinal. Non¬ 
dependence of motions means that the displacement of the target in any one 
plane causes movement of the coordinator axes rigorously in this same plane. 

The character of the transient process in each channel is determined by equa¬ 
tion ( 3 * 9 * 8 ), or in the case of small inertia of the power amplifier, by 
equation ( 3 . 9 . 11 )- In the first case the transient process with a jump-like 
change of the input action will be either aperiodic or will be oscillatory- 
attenuating, depending on the values of the coordinator parameters. In the 
second case it always will be aperiodic. 

Taking into account cross connections, the transient process in a coor¬ 
dinator will be described by a third-degree linear differential equation with 
complex coefficients. Expression ( 3 . 9 * 13 ) represents the symbolic form of 
writing of this equation. The finding of the solution of such an equation 
for a given law of change of the input value presents no basic difficulties. 
However, the unwieldiness of the resulting solution does not make possible 
sufficiently simple clarification of the principal characteristics of the 
transient process and the influence exerted on it by change of individual 
coordinator parameters. Therefore, it is necessary to use the approach of 
maximum simplification of equation (3-9-l3)> at the same time retaining its 
specific character, necessitated by taking into account at least one cross con¬ 
nection. By solving such a simplified equation it is possible to establish 
the principal laws characterizing the transient process and then attempt /I 39 
at least a qualitative tracing of the influence exerted on the transient 
process by parameters not taken into account earlier. 

In the case of a small inertia of the power amplifier and a weak cross 
connection, caused by the equatorial moment of the gyroscope, equation 
( 3 . 9 .I 3 ) is transformed to the form 


•k 4* — kyr*. 


(3-9-23) 
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j 


The characteristic equation 


j X + ky = 0 

I 

has one complex root 

i 

X = k y = ky^ = ky x jkyp ( 3 *9 * 2U ) 

r 

> Therefore, solution of equation ( 3.9 * 23 ) for zero initial conditions and with 
j a change of the input action at the time t = 0 in a jump from to = 

I jcp 

! , where is the module of angular deflection and <p is the phase angle 

, of the target, has the form 

i 

; «K=(l-e"V). 0 . ( 3 - 9 . 25 ) 


We will assume for unambiguity that the deflection of the target occurred 
' in the plane o m x m z m (fig. 3.28). As before, the angular deflections in the 

i 

j plane OjjjXjj^ will be assigned the real values of the coordinates and the an- 

I 

gular deflections in the plane o m x ra y m will be assigned fictitious values of the 

coordinates. Then in equation ( 3 . 9 . 25 ) should be replaced by ®q z - By 

dividing both sides of equation ( 3 . 9 . 25 ) by ® we obtain an expression for the 
{ uz 

conversion function in relation to a "real" input 

1 

h* = *»<!_,-.-V ( 3 . 9 - 26 ) 

Formula ( 3 . 9 . 26 ) shows that the conversion function for a two-channel system 
in relation to a "real 1 ' input is a complex function of the actual variable-- 
time 

H +i (t) = " +]z (f)+/H^ y V). ( 3 . 9 . 27 ) 

I the real part of which H + ^ z (t) expresses the reaction of the system to a unit 
jump applied to a "real" input, at the output of the lateral deflection channel 
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and the imaginary part H + (t) determines the reaction to this same action at 

the output of the longitudinal deflection channel. 

The conversion function H ^(t) is a curve in a three-dimensional space 

H H t. Its projections onto the planes oH t and oH t are respectively 
+lz +ly * +lz +ly 

equal to 


= 1 — e tk v C0 * [L cos (tk v sin (x), | 

H +]y ( t ) = e _/ V C0Sfl sin (tk v sinfi). J 


( 3 . 9 . 28 ) 


In addition, expressions (3.9*28) can be considered as the parametric 
equations of the trajectories of the axis of the coordinator when the "real" 
input is fed a unit jump. It is convenient to use the dimensionless value k^t 

as a parameter. Figure 3.33 shows some of the mentioned trajectories corre¬ 
sponding to different values of the phase shift angle p,, introduced by the 
direction finder. 

Using formulas (3.9.28) and the curves in figure 3.33 it is possible to 
trace how changes of the value p. influence the character of motion of the coor¬ 
dinator axis. For example, when p, = 0 the coordinator axis moves to tne /ihO 
new position of the target (the point + 1 , jO in figure 3.33) along a 
straight line. For values p, falling in the interval between 0 and 90 ° > the 
coordinator axis moves toward the target along a spiral. The greater the 
value p,, the greater is the number of loops of the spiral and the longer will 
be the duration of the transient process. When p. = 90 ° the coordinator axis 
experiences circular motion with the angular frequency Qq = ky. If 90 ° <p,< 

l80°, the trajectories of the coordinator axis constitute diverging spirals. 
Finally, when p, = l8o° the coordinator axis moves along a straight line in the 
direction away from the target. 

If the target is deflected in the plane o m x m y ra , the picture of the trajec¬ 
tories of the coordinator axis is turned by 9O 0 relative to the axis oH „ . 

+lz 

This can be concluded from the fact that the conversion function of the system 
for the "imaginary 1 ’ channel is related to the conversion function of the sys¬ 
tem for the "real” channel by the relation 

H +J (t) . JH +1 (t). 

In the case of an arbitrary direction of deflection of the target it is 
necessary to consider the generalized conversion function of the two-channel 
system H (t), characterizing a system with jump-like transfer of the action to 
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both channels simultaneously. If the conversion function H + -^(t) is known, the 
generalized conversion function is determined as 


h t (0 = h +1 (0^ ? . 

where q> is the phase angle of the target. 

Analysis of the quality of control processes in a two-channel system of 
the simplest form shows that allowance for the cross connection between chan¬ 
nels appreciably changes the dynamic properties of the coordinator. For 
example, the deflection of the target in any one plane causes motion of the 
axis of the coordinator both in the deflection plane and in the plane perpen¬ 
dicular to it. 

The character of the the transient processes in each of the channels also 
changed. Whereas in the absence of cross connections, a jump-like change of 
the input action corresponded only to an aperiodic process for any values of 
the coordinator parameters, now in the same type of action the transient 
process can have an aperiodic, oscillatory-attenuating, oscillatory, and 
finally, diverging character, in dependence on (A, characterizing the relation¬ 
ship between the channels. 

These results make it possible to evaluate the admissible value of the 
phase shift angle of the mismatch signal ^ . As the admissible value H a( j m 

we can use that value of it at which the maximum deflection of the coordina¬ 
tor axis in the plane normal to the plane of deflection of the target does not 
exceed a stipulated value. From (3.9.26) it is easy to obtain an expression 
for the maximum deflection of the coordinator axis along the axis oH , as a 
function of the phase shift angle ^ 


H 


+ly max 


-p> cot ^ 
e sin M-. 
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Figure 3-3^ 


The curve of the dependence of (3-9*29) is shown in figure 3-3^- In the 
case of small values \i formula (3-9-29) can be simplified. Assuming 


sin p, « p, and p, cot p. « 1, 


we obtain 


adm 


^ 1.56 H 


+ly adnr 


For example, if it is assumed that the maximum deflection of the /ihl 
coordinator axis in the plane normal to the plane of deflection of the 
target should not exceed 5 percent of the deflection of the coordinator in the 
direction of the target, the absolute value of the admissible phase shift 
angle should be not more than 8°; when H + -^y adm = 10 percent, the admis¬ 

sible phase shift angle should be approximately 15°> etc. For the analyzed 
example, the critical angle of skewing p cr = ± 90 ° (the region of stability on 


the diagram in figure 3-31 occupies the entire right half-plane). 

^cr 


Therefore, 


if adm falls in the limits 5-10 percent, 




6 - 11 . 


adm 


Allowance for inertia of the power amplifier, as well as for a second 
cross connection, somewhat complicates the picture of the transient processes. 
However, it has been demonstrated (ref. 97) that the qualitative side of the 
earlier considered phenomena still is retained. Cross connections lead to 
the appearance of spiral motion of the coordinator axis and therefore to its 
deflection in the plane normal to the plane of the mismatch angle. The rela¬ 
tion between the admissible and critical phase shift angles also is main¬ 
tained. However, now p* cr should be selected using the diagram in figure 3*31 


or using formulas (3-9-20) and (3-9-22) 


If the coordinator is used for measurement of the angular velocity of the 
rocket-target line, the dynamic properties characteristic of it as an instru¬ 
ment for measuring angular velocity, under the conditions assumed above, 
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retain all the principal characteristics of the just considered case when the 
coordinator served as an angle-measuring instrument. In actuality, by com¬ 
paring formulas (3«9*8)> (3*9. 9)> (3.9*H) and (3.9-12) it is easy to confirm 
that the conversion function of the coordinator, as an instrument for measuring 
angular velocity e, is equal with an accuracy to a constant real factor to its 
conversion function, as an instrument for measuring the angle e. 

The dynamic properties of the single-gyroscope coordinator described above 
deteriorate appreciably when it is combined with an antenna system of consider¬ 
able size and weight, because this causes a significant decrease of the ratio 
of the polar moment of the gyroscope rotor J to the equatorial moment of iner¬ 
tia J g of the gyroscope with the body. The latter, in turn, leads to a con¬ 
siderable influence of inertial moments, and therefore to a considerable mani¬ 
festation of nutation. The operation of such coordinators will be influenced 
considerably by inertial forces in the axes of the suspension during oscilla¬ 
tions of the rocket and also an inevitable residual unbalancing of the gyro¬ 
scope. 

However, an increase of the kinetic moment of the gyroscope for the pur¬ 
pose of attenuation of the mentioned factors is not always desirable because 
it causes an increase of the size and weight of the coordinator, and requires 
the use of correcting motors with a large torque. 

When a relatively heavy antenna is coupled to a gyroscopic drive the best 
results are given when using gyroscopic stabilized platforms or stabilized 
platforms (ref. l). Such apparatus consists of two-gyroscope platforms with 
power unloading of the gyroscopes (ref. 5). /lh2 

The relations derived above for single-gyroscope coordinators can be 
applied to two-gyroscope tracking coordinators as instruments for measuring 
the angular position of the target and the angular velocity of the line of 
sight, at the same time taking into account that to a considerable degree such 
coordinators do not have the shortcomings inherent in single-gyroscope systems. 

The gyrostabilized platform of a two-gyroscope power system is formed by 
two frames: an outer frame 1 and an inner frame 2 (fig. 3*35)• The axes of 

and o^ are mutually perpendicular. The gyroscopes and G^ 

are situated on the inner frame of the platform, made in the form of a housing. 
Each of them has two degrees of freedom relative to the gyrostabilized plat¬ 
form, including here the degree of freedom of the rotation of the rotor. 



The angles of rotation of the gyroscope frames 3 and 4 relative to the 
platform are measured by the pickups and P 2 , respectively. The voltages 


from the pickups directly or after amplification are fed to the unloading 
motors and Mg, creating moments around the axes o^z^ and Q^y^. ^ TO ~ 


scopes, together with the pickups and the unloading motors, form a power un¬ 
loading system for compensation of the external moments applied to the platform. 
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y„ 


cm 2 


if , v 

Figure 3.35 

Now we will consider the behavior of a platform under the influence of the 
external moment which can arise, for example, during the oscillations of the 
rocket. We will assume that the moment is applied to the outer frame of the 
platform, that is, acts around the axis o^z^. Under the influence of the per¬ 
turbing moment the gyroscope G^ begins to experience precession, tending to 

bring the vector of its kinetic moment into coincidence with the vector 
of the perturbing moment. With the rotation of the frame of the gyroscope 
G^ relative to the platform, a voltage proportional to the angle of rotation 

of the gyroscope frame will be fed from the pickup P^. In proportion to the 

voltage of the pickup the motor M-^ develops a moment around the axis of the 

outer frame of the platform, oriented in a direction opposite the direction of 
the external moment. Precession of the gyroscope will continue until the 
external moment equals the moment of the motor. 

If the external moment is eliminated, the moment of the discharge motor, 
compensating it earlier, causes precession of the gyroscope G^ to its former 

position. With the rotation of the gyroscope frame to the zero-signal position 
the value of the moment of the motor also will decrease. As soon as the gyro¬ 
scope frame attains such a position the moment of the motor becomes equal to 
zero and the further precession of the gyroscope G^ ceases. 

Thus, in a power unload system the gyroscope G^ performs the role of an 

external moment around the axis o^z^. of the platform and, jointly with the 

pickup P 1 , produces a voltage necessary for compensation of the external moment 

15^ 
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The platform behaves similarly under the influence of the moments along 
the axis. Only in this case will there be precession of the gyroscope Gg 

and the motor Mg will compensate the external moment. 

Thus, the application of external moments to the axes of the platform 
frames does not lead to a rotation of the platform, but causes only precession 
of the corresponding gyroscopes. The suspension axes of the platform are 
unloaded from the action of the external moments. 

The correcting moments, under whose influence the angular position of the 
axes of the platform should change, are created by the correcting motors 
CM^ and CM^, to which are fed the mismatch signals formed by the direction 

finder. 


3.10. Block Diagram of a Coordinator with Electrical 
Displacement of the Equisignal Direction 

A coordinator with electrical displacement of the equisignal direction 
consists of a phase-type direction finder and an actuating mechanism whose 
purpose is the forming of voltages which are fed to the windings of the phase 
inverters. The values and signs of these voltages are set in such a way that 
che phase inverters compensate the phase shift of the received signal caused 
by displacement of the target relative to the equisignal direction. 

The actuating device used can be an electromechanical drive or the 
earlier discussed gyroscopic drive, coupled to potentiometric pickups. The 
body of each pickup is attached to the body of the rocket and the slide /ikk 

is connected to the axis of the gyroscope or the output shaft of the reducer 

of the electric motor. 

The principle of operation of the coordinator is as follows. We will as¬ 
sume that in the initial state the rocket-target line coincides with the 
direction of the axis of the antenna system (we recall that the antenna system 
in this type of direction finder is fixed rigidly to the body of the rocket, 

and its axis is oriented in the direction of the longitudinal axis of the 

rocket) . The mismatch signal at the output of the direction finder will be 
equal to zero, and the gyroscope will occupy some initial position in which 
the voltage from the potentiometric pickups also will be equal to zero. 

7nere will be no additional phase shift from the phase inverters. Displace¬ 
ment of the target relative to the equisignal direction causes the appearance 
of a mismatch signal, precession of the gyroscope and appearance (as a result 
cf movement of the slide of the potentiometric pickup from a zero position) 
of a voltage across the windings of the phase inverter ferrites. The phase 
inverters shift the phase of the received signal so as to compensate the 
base shift caused by displacement of the target relative to the axis of the 
ntenna. 
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When the phase shift of the signal caused by displacement of the target is 
completely compensated, the mismatch signal becomes equal to zero and preces¬ 
sion of the gyroscope ceases. The target again will be on the equisignal direc 
tion, which no longer will coincide, with the axis of the antenna. During move¬ 
ment of the target the equisignal direction automatically follows the position 
of the line of sight. 

In constructing the block diagram of the coordinator it is necessary to 
use equations ( 3 . 6 . 30 ), ( 3 . 9 . 2 ), ( 3 * 9 * 3 )> ( 3 * 9 * 5 ) and equations relating the 
voltage at the output of the potentiometric pickups and the angle of rotation 
of their slides. 

In complex form the equation for the pickups has the form 


"p = 


Kv- 


pV 


( 3 . 10 . 1 ) 


where k = k , = k „ is the transfer constant of the pickup; v. = 

P PI P2 d dz dy 

is the angle of rotation of the pickup slides. 

Since y ^ also is the angle of deflection of the gyroscope relative to the 
body of the rocket, then 


= e K - t». 


( 3 * 10 . 2 ) 


Here # is the angle characterizing the position of the longitudinal axis 
of the rocket relative to a fixed frame of reference. 

Figure 3*36a, b shows block diagrams of a coordinator for complex and 
real coordinates. The block diagram of a coordinator with electrical displace' 
ment of the equisignal direction differs somewhat from a block diagram with 
mechanical displacement of the equisignal line (fig. 3*27). The most impor¬ 
tant difference is that, for the diagram shown in figure 3 * 27 , the angle 
A0 is the mismatch angle characterizing the deflection of the target from /iky 
the equisignal direction. Such a mismatch for the diagram in figure 3*36 
will be the phase shift Acp = cp - cp^. However, the angle A G for a coordinator 

with electrical displacement of the equisignal line is the input action which 
characterizes the position of the target in the related coordinate system. 

Using the block diagram in figure 3*36 it is possible to write an expres¬ 
sion for the measured value of the angular position of the target 
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-- JTk —» + 

D ( T & D + 1) (1+ JaD) + k v 


ttA 


D(T & D + 1) (1 +jaD) + k v -^E- 


(3.10.3) 


■ It follows from (3-10.3) that the angle e is dependent not only on the 
I K 

actual angular position of the target e, but also on the angular position of 
the longitudinal axis of the rocket t?. The latter dependence is extremely 
undesirable because the inevitable changes of d in the process of motion of 
the target cause errors in determination of the coordinates of the target. /l46 
This dependence can be eliminated by the appropriate selection of the param¬ 
eters of the coordinator and "decoupling" the coordinator from the angular 
oscillations of the rocket. 

The "decoupling" condition is satisfaction of the equation 


kpikp - kp. 


(3-10.4) 



Figure 3.36 
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Then ( 3 .10.3) assumes the form 


k v 

* K °( T a D+ 1)(1 + jaD) - 1 - ky*' 


(3.10.5) 


Equation ( 3 .10.5) coincides in form with the equation of motion of the 
coordinator with mechanical displacement of the equisignal direction ( 3 * 9 * 13 ) 
if the velocity amplification factor of the latter is a real value. 

In the case of satisfaction of condition (3.10.4) the voltage fed to the 
correcting motors of the gyroscope is expressed by the formula 


u = 

c 


D(T a D+l)(\ + jaD)-tk y *' 


( 3 . 10 . 6 ) 


Therefore, a coordinator of the considered type can be used as an instru¬ 
ment for measurement of the angular velocity of the line of sight. 


3.11. Evaluation of the Accuracy of Coordinators 
of Homing Systems 

The coordinator of a homing system is a measuring apparatus and, there¬ 
fore, the most important index of its operation is the accuracy of measurement 
of the mismatch parameter. 

The errors involved in use of the coordinator are reflected to a con¬ 
siderable degree in the value of the rocket miss. In actuality, if the coor¬ 
dinator measures the mismatch parameter with an error, this is equivalent to 
determination of the mismatch parameter for some fictitious target. Since the 
other elements of the homing system cannot compare the actual and measured 
values of the mismatch parameter, the rocket will be guided to a fictitious 
target whose position corresponds to the measured value of the mismatch param¬ 
eter, which also leads in the last analysis to an increase of the rocket miss 
which cannot be eliminated. 

Two types of actions are applied to the coordinator, as to any automatic 
control system: a controlling action and various kinds of perturbations. 

The coordinator errors are caused both by inexact reproduction of the control¬ 
ling action and the influence of undesirable perturbations. Errors of the 
first kind sometimes are called dynamic errors, and errors of the second kind, 
fluctuation errors. 

In the case of coordinators of homing systems the controlling ac- /l47 
tion, that is, the action which should be performed with a high degree of 
accuracy, can be divided into two components: a component caused by the 
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Figure 3.37 


relative motions of the rocket and target, which result in the angular motion 
of the line of sight, and a component caused by angular oscillations of the 
body of the rocket ("yawing” of the rocket). We note at once that the second 
component is characteristic only of systems for automatic tracking of a tar¬ 
get using angular coordinates, carried on a moving object and having an elec¬ 
tric motor control device and also coordinators with a fixed equisignal direc¬ 
tion. In part, this component also will appear in the gyroscopic coordinator 
described in the preceding section, in which there is displacement of the 
equisignal direction with incomplete compensation of "yawing" error ( 3 . 10 . 3 ). 

A gyroscopic coordinator with mechanical displacement of the equisignal direc¬ 
tion, as a result of the gyroscopic effect, has a good decoupling from the 
angular oscillations of the rocket, and therefore there will be virtually no 
"yawing" component in the controlling action. 

Figure 3*37a shows the block diagram of a moving gyroscopic coordinator. 
Here W^(D) is the transfer function of the coordinator. The single control¬ 
ling action—change of the angular position of the rocket-target line e(t)— 
is applied to the input of the coordinator. The equisignal direction, char¬ 
acterized by the angle e , is deflected from the line of sight by the angle 

A0. Thus, A0 = € - represents the tracking error or the error in repro¬ 
ducing the controlling action. 

Figure 3* 37b is the block diagram of a homing rocket with a fixed coor¬ 
dinator. The transfer function W r (D) includes the transfer function of the 

coordinator, automatic pilot and rocket. The angle i? characterizes the angu¬ 
lar position of the longitudinal axis of the rocket (it is assumed that the 
equisignal direction of the direction finder coincides with the longitudinal 
axis of the rocket). This diagram shows two controlling actions: the change 
of the angular position of the line of sight e(t) and the angular oscillation 
of the longitudinal axis of the rocket i? r (t). The latter is combined with the 

angle t? and gives the angle characterizing the angular position of the 

equisignal direction. Such a setting of the controlling action, neces- /lk8 
sitated by the oscillations of the axis of the rocket, is correct only in 
a case when "yawing” is not dependent on the angular position of the longi¬ 
tudinal axis of the rocket. 
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There are two approaches to setting of the controlling action, neces¬ 
sitated by the change of the angular position of the line of sight. According 
to the first of them e(t) is given in the form of a determined function of 
time. In the second it is assumed that e(t) is a random function and is given 
by its statistical characteristics. 

In the first case, it is assumed that in the process of guidance of a 
rocket to a target, the angular position of the line of sight changes in con¬ 
formity of a clearly defined law as a function of the velocity and maneuvering 
of the target, the guidance method used, velocity and the dynamic properties 
of the rocket, initial launching range, etc. The problem of determining the 
controlling action e = e(t) for different methods of rocket guidance was con¬ 
sidered in chapter 2. In computing the dynamic errors of the coordinator it 
is desirable to replace the dependence e = e(t) by its approximate value. As 
such an approximation, it is convenient to use approximation of the function 
e = e(t) by a polynomial of t 


«(o=i V* 

/-0 


(3.11.1) 


Since in actuality the e = e(t) curves are quite smooth, the degree of 
the approximating polynomial cannot be very high. 

In the second method for setting the controlling action it is assumed 
that as a result of the difference of target trajectories, and also the dif¬ 
ference in the initial condition for each launching (aspect of attack, initial 
launching range, etc.), an individual kinematic trajectory, and therefore also 
its corresponding dependence € = e(t), must be considered as one of the pos¬ 
sible realizations of some random process. The controlling action in such an 
approach is given by the statistical characteristics of the mentioned random 
process. Reference 31 presents computations of the statistical characteris¬ 
tics of the controlling action for a radar set for automatic tracking of the 
target, on the basis of angular coordinates, which is used in an antiaircraft 
fire control system. The spectral density of the angular velocity of the line 
of sight is expressed by the formula 


G c (<o) = 


0)2 + V ’ 


( 3 . 11 . 2 ) 


2 

where A 1 is the mean value of the square of angular velocity of the target, 

and T] is a value inverse to the mean value of the interval within which the 
angular velocity remains constant. 


However, a similar method can be used as the basis for computation 
of the statistical characteristics of the controlling action with respect 
to the coordinators of homing rockets. 


/1U9 
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The second method for setting the controlling action makes it possible to 
make a more general evaluation of the accuracy of the system for different 
variants of its use, whereas the first method makes it possible to evaluate 
the accuracy of the coordinator only for some special cases of its use. How¬ 
ever, the expenditures involved in obtaining reliable statistical characteris¬ 
tics are very great, and therefore in actual practice preference frequently is 
given to the first method for setting the controlling action. 

Chapter 2 discussed the principal types of perturbations acting on the 
coordinators. In computing the accuracy of measurement of the mismatch param¬ 
eter in the tracking coordinators of the angle-measuring type, it is neces¬ 
sary to take into account the fluctuations of the signal reflected from the 
target and also artificially created interference. 

The instantaneous value of the fluctuations of the amplitude of the re¬ 
flected signal is characterized, as already pointed out, by the relative 
change of the amplitude or the coefficient of noise modulation m^t). As the 

averaged characteristics of amplitude noise, it is possible to use the cor¬ 
relation coefficient of noise modulation R^t) or its spectral density G m (eu). 

Fluctuations of the amplitude of the reflected signal lead to the ap¬ 
pearance of distortions of the output voltage of the direction finder, which 
in the long run cause errors in determination of the target coordinates. 
Therefore, for introducing into the block diagram of the coordinator the 
perturbing action caused by amplitude noise, it is first necessary to make an 
investigation of the direction finder outside a closed control system. Such 
an investigation essentially involves an analysis of the passage of a useful 
signal together with fluctuations through the direction finder, in accordance 
with the signal conversion equations for a direction finder of a particular 
type. We note that intentionally created interference can be taken into 
account in a similar way if the transmitter of the interference is situated 
at the target. 

As a result of such an investigation we find the voltage at the output of 
the direction finder as a function of the mismatch angle, the parameters of 

the direction finder and the values characterizing the amplitude noise. The 

output voltage of the direction finder consists of the useful component u^p, 

and low-frequency noise u.j^ n (t). Therefore, the perturbation caused by the 

fluctuations of the reflected signal can be introduced into the block diagram 
of the coordinator in the form of low-frequency noise at the output of the 
direction finder. 

If the noise voltage (t) i- s not dependent on the mismatch angle A0, 

it is possible to compute the errors caused by the fluctuations, leaving the 

block diagram of the direction finder in the same form it had in the absence 

of fluctuations. The dependence of the voltage u^, (t) on the mismatch 

lfn 
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Figure 3.38 


angle A 0 , which occurs in the case of a high level of fluctuations of the 
reflected signal or when there is artificial interference, makes necessary 
changes of the block diagram of the direction finder as a link in the /i ;?0 
automatic control system. 

Fluctuations of the apparent center of reflection (angular noise) are 
given in the form of the angle e n (t), whose value changes randomly relative to 

the true direction to the target, determined by the angular position of the 
line of sight ,e. 

Figure 3*38 is the block diagram of one of the channels of a tracking 
gyroscopic coordinator, with the fluctuations of the signal reflected from 
the target taken into account. The dashed line in this figure denotes ideal 
systems of reproduction of the angular position of the line of sight and the 
angular velocity of the rocket-target line. The first system has a transfer 
coefficient equal to unity and the second is characterized by the transfer 
function W m (D) = D. 

The error in determination of the angular position of the line of sight 
will be characterized by the measurement error or by the distortions of the 
measured parameter Ae, representing the difference between the measured value 
of the angle e, equal to e^, and its actual value e, that is 


Ae = e K - e. 


(3.11.3) 


The concept of reproduction error, defined as Ae^ ^ = e - sometimes 

is used in evaluation of the accuracy of the tracking system. By comparing 

this expression with formula ( 3 . 11 . 3 )> it is easy to establish that 

Ae = -Ae^ 

0 r 

By using the block diagram shown in figure 3«38> we write an expression 
for the measurement error 


Ae= — 


1 

i + ir K (D) e 


W' (D) , IP K (D) 

1+ ^k( 0)V + 1+ IF«(0) k 


(3.H.4) 
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Here W„.(D) Is the transfer function of the closed coordinator, equal to 


WAD) 


Z>(710 -i- 1) ’ 


(3.H.5) 


w k (d) 


and W'(D) = 

, “DF 

power amplifier. 


is the transfer function of the power apparatus and the /l^l 


Formula (3.11.U) shows that the error Ae consists of two components: the 
dynamic error Ae^, determined by the difference e - e^. when u^ fn = 0 and 

:« n = 0, and also the fluctuation error Ae^., representing Ae when e = 0. The 

ifollcwing formulas are derived for computation of Ae^ and Ae 

o I 


A«a : 


1 


1 + W K (0) *• 


, W' ( 0 ) . W K ( 0 ) 

Ae f — 1 + W k (D) 1 + IT K (0) e n- 


(3.H.6) 

(3.11.7) 


If the controlling action is given in the form of a determined function 
■of time, the dynamic error in a steady-state regime is represented conve¬ 
niently in the form of a series 


A«a = V (0 + C t i (/)+§-“e(0 + 


4- e'*> 


(*)■ 


( 3 . 11 - 8 ) 


jvhere the coefficients for the input action and its derivatives represent the 
iso-called error coefficients, computed using the formula 


_ f d k 

“U0* 


[l + ^(^)]} D . 


(3-11.9) 


After substituting (3.11.5) into (3.11.9) and after computation, we obtain 




- , etc. 


( 3 . 11 . 10 ) 
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Computation of the dynamic error requires stipulation of the specific law 
of change of the controlling action. We will assume that the angular position 
of the line of sight changes in conformity to the law 


e (0 — A 0 + 


(3.11.11) 


where A Q is the initial angular position of the line of sight, is the angu 

lar velocity of the line of sight, and A^ is the angular acceleration of the 
line of sight. 

Then 



1) 

2k\ 



(3.H.12) 


It follows from formula (3.11.12) that in the case of a fixed line of 
sight (A^ = A^ = 0) the dynamic error is equal to zero. If the line of sight 

moves with a constant angular velocity, the dynamic error in a steady- /152 
state regime (after attenuation of the characteristic motions of the sys¬ 
tem) is equal to the constant value 



Finally, with movement of the line of sight with a constant angular accel¬ 
eration, the dynamic error increases linearly. 

When the controlling action is stipulated in the form of a random func¬ 
tion of time the dynamic error usually is characterized by a mean square value 
which is computed in the following way. From (3.11.6) and (3.11.5) ve have 


D(T a D 4- I) _ T a D u- 1 
D (T a D -r 1) + k y Z — TTOqTJTU+T^ 


(3.11.13) 


In the example cited above an expression was obtained for the spectral 
density of the angular velocity of the line of sight (3.11.2). If it is as¬ 
sumed that such an expression can be obtained also for the controlling signal 
of the coordinator of a homing rocket, the dispersion of error of determinatior 
of the position of the line of sight is expressed by the formula 


,2 — 


oo 

if 


til a 


1 


JU> (joiT -f 1) 


2 4Ai 


di». 
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The integral in (3.11.14) can be computed easily if the tables compiled 
for this purpose in reference 31 are used. Making the computations and as- 

Ti 

suming that T)T a « 1 and -r— « 1, we determine the mean square value of the 

k V 


dynamic error 



Vl+kyTj. 


(3.H.15) 


It follows from (3.11.15) that the dynamic error increases with an in¬ 
crease of the mean square value of angular velocity of the line of sight and 
with a decrease of the duration of the segments of flight of a target with a 
constant angular velocity. 

The fluctuation errors in determination of the position of the line of 
sight will be characterized by the dispersions or the mean square values. 


If the noise component of voltage at the output of the direction finder 
is not dependent on the mismatch angle and is given by the spectral density 
C^ifnC 00 )' the dispersions of errors of determination of the position of the 

line of sight, caused by amplitude and angular noise, are equal respectively 
to /153 



(3.11.16) 

(3.11.17) 


It frequently is found that the spectral densities G^^(ud) an ^ G n (u>) 

within the limits of the pass band of the coordinator approximately retain a 
constant value, equal to their value at the zero frequency. We recall that 
the spectral density G n (u)) is computed for some fixed range to the target. 

Then, formulas (3.11.16) and (3.11.17) can be represented in the form 

ajo) 

o _ Jin 
^ — 2 r. 


(>>) 
h W K (/< 

0 


(3.11.19) 


o f 

> 2« ) 


* i W (/*>) 

I 1 *1. W'k (7 w ) 


(3.11.18) 
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Since amplitude noise is given by the spectral density of the coefficient 
of noise modulation G m (u)), G^ (w) in formula (3-11.18) must be expressed 

through G m (cju). We will show the relationship between these spectral densities 

using the example of a direction finder with conical scanning, since in direc¬ 
tion finders with an instantaneous equisignal direction the influence of ampli¬ 
tude noise is reflected only when there is a nonidentity of the reception chan¬ 
nels, In a well-adjusted direction finder of such a type, the error caused by 
amplitude noise will be increasingly small. 

The voltage at the output of a direction finder with conical scanning, 
with amplitude noise taken into account, is equal to (ref. l) 

u* =k AG-fA .71 U)A0 -!-(*' COS 2/. ( 3 . 11 . 20 ) 

DF DF DF n *1 


The last two terms in expression (3-11-20) represent the fluctuating part of 
the output voltage; the first of these terms is dependent on the mismatch 
angle A 6. The presence of such a dependence indicates that the amplitude 
noise caused a change of the properties of the direction finder. The block 
diagram of the direction finder, constructed on the basis of ( 3 - 11 . 20 ), is 
shown in figure 3-39- It follows from figure 3-39 that the direction finder 
as a link in the automatic control system possesses a variable amplification 
factor which changes randomly. The change in the properties of the direc - JVjh 
tion finder is reflected not only in the character of the fluctuation 
error, but also in the value of the dynamic error. This example illustrates 
one of the possible manifestations of the mutual relationship and mutual 
dependence of fluctuation and dynamic errors mentioned earlier. 

The coefficient of noise modulation m R (t), caused by fluctuations of the 

reflecting surface of the target, is considerably smaller than unity and there¬ 
fore for simplification of the problem the variability of the transfer coeffi¬ 
cient of the direction finder, in most cases, is neglected. In the analysis 
of the effect of artificial interference on a coordinator such a simplifica¬ 
tion can prove to be unsound. 

Hereafter in formula ( 3 .11.20) we will take into account only the last 
term, assuming that the low-frequency noise at the output of the direction 
finder is expressed by the formula 


£9 








Figure 3.39 
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( 3 . 11 . 21 ) 


2 *, 


(0 =-r H - F /n ri (*)cos2/. 


lfn 


n v 


Then it is necessary to express the spectral density of noise voltage 
through the direction finder parameters and the spectral density of the coef¬ 
ficient of noise modulation. It can be shown that 


2k l 




( 3 . 11 . 22 ) 


Then expression (3.11.18) assumes the form 


_2_ 2 ffm(Q) L f I w * 

• k 2 m * 2*J |l + ir K (>») 

0 


d co. 


The effective passband of the coordinator is equal to 


( 3 . 11 . 23 ) 


00 



0 


W'k ( '<*>) 

1 : W K 0«) 


d i«. 


( 3 . 11 . 21 ) 


With (3.11.24) taken into account, expressions ( 3 .11.23) and (3.11.19) 
are transformed to the form 


a 2 _ g g g< . g j 

*1 e 

m 

° 2 y = G n (0)bF e . 


(3.11.25) 

(3.11.26) 


Formulas (3*11.25) and ( 3 - 11 . 26 ) make possible a sound selection of some 
parameters of the direction finder for the purpose of decreasing the tracking 
error. For example, the error due to amplifier noise can be decreased by 
increasing the size of the antenna (at the same time, the coefficient /155 

increases), decreasing the equivalent pass band of the coordinator and in¬ 
creasing the scanning frequency, thus leading to a decrease of the spectral 
density G m (Q). The latter approach apparently is the most rational. 

By computing the integral (3-11.24) we obtain 



(3.H.2T) 
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Then 


(3.11.26) 


Gm (^) 

K 

G n ( 0 ) ky 


( 3 . 11 . 29 ) 


Formulas (3.11.28) and (3-11.29) make it possible to determine the meas¬ 
urement errors in any one channel of the coordinator in the absence of cross 
connections between channels. In order to compute tracking errors when there 
is a cross connection between channels, it is necessary when computing the 
integral (3.11.24) to assume that the amplification factor for the velocity 


coordinator is a 


complex value k^ = k^e 


JM- 


If such computations are made, the 


following coefficient appears in formulas ( 3 . 11 . 28 ) and ( 3 . 11 . 29 ) 


k j. 


_1_ 

cos n — k v T sin 2 (j. ’ 
” a 


( 3 . 11 . 30 ) 


With an increase of |i. from zero to the value at which the following condition 
is satisfied 


tan n cr sin *i cr 



(3.11.31) 


the coefficient k increases from unity to infinity. 


We recall that the equal 


ity (3.11.31) applies at the limit of coordinator stability. Therefore, the 
fluctuation errors of the coordinator increase with an increase of the cross 
connection between channels. 


The mean square total error of determination of the direction of the line 
of sight, on the assumption that the line of sight moves at a constant 
velocity, is expressed by the formula 


As 2 


k v 


G m (Q)* v G n {0)k v 

2 *m ' 4 


( 3 . 11 . 32 ; 


Formula (3.11.32) shows that the first term (dynamic error) decreases 
with an increase of the amplification factor of the velocity coordinator and 
the two others (fluctuation errors) increase with an increase of ky. It is 

possible to determine the value of the amplification factor ky which is 
optimal from the point of view of the minimum of the mean square total 
error. It is equal to 
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(3.11.33) 


V opt 


-fa 


8 


i( Q ) + * 2 .cuw‘ 


The minimum value of the total error can be found by substituting 
(3.11.33) into (3.11.32). 


The error in measurement of the angular velocity of the line of sight 
can be determined by using the block diagram in figure 3 . 38 * 

I kw 

Assuming k-^ = —, we obtain 


Ae= — 


1+ W k (D) 


6 + 


DW'(D) 


1+ wad) “ifn 7 


DWAD) , 
1+ WAD) tl' 


(3.11.34) 


The steady-state dynamic error, on the assumption that the controlling 

1 2 

*c:ion changes in conformity to the law e(t) = A n + A-,t + — Apt , will be 
equal to U 2 


A = (3.11.35) 

R v 

4° dispersions of the fluctuation errors caused by amplitude and angular 
are expressed by the formulas 


.2 _2G m (Q) 

*' a *« 

1 f I JmWtUm) I 2 

2*J |l + r K (>) 1 

0 

do). 

( 3 . 11 . 36 ) 

0 ? = G (0) • 

«y n x ’ 

1 C I j»WAjA 2 

2*J 11 + WAJA 

0 

da. 

( 3 . 11 . 37 ) 

- c "?uting the values of the integrals in ( 3 . 11 . 36 ) 

and 

(3.11.37), we will have 

0 ? = 

G m <2)*K 


(3.11.38) 

«a 

27 ' a * 2 n ’ 


0? = 

Gn(0) k\. 


(3.11.39) 

■y 

~ 4 r a • 



-ean square total error in determination of the angular velocity of the 
sight, on the assumption that the controlling action changes in con- 

c ~ity to the law e(t) = A^ + A^t + — A^t^, is expressed by the formula 
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(3.11.40) 



Om (g)*jr 

2Tk 2 
a m 


G n (0) k\ 
AT a ‘ 


The value of the velocity amplification factor for which the mean square /157 
total error has a minimum value is equal to 


k V opt - 



2O m (2) + 4<7 n (0)' 


(3.H.41) 


Comparing formulas (3-U.33) and ( 3 .11.Ul) we note that the optimal value 
of the velocity amplification factor will be different, depending on whether 
the position of the line of sight or its angular velocity is determined with a 
minimum error• 

The computation of the coordinator errors under the influence of artifi¬ 
cial interference has some features in common with the computations cited 
above, because the principles for creating artificial interference in part are 
based on the complication of the natural factors responsible for measurement 
errors. Here it is important only to clarify those specific properties of 
interference which are the basic cause for the appearance of errors to be able 
to correctly introduce the interference signal into the coordinator circuit. 

It is also useful to know the methods that make it possible to attenuate 
the effect of intentionally created interference of some type. The following 
table, taken for reference 109 , gives a list of some of the possible types of 
interference and measures available to overcome them. This list was compiled 
for use with radar sets with automatic tracking of the target and employing 
the equisignal direction method. 


Interference 


Methods for overcoming interference 


Noise interference Closed velocity memory circuit for determining 

correlation 

Range selection with narrow strobe pulses for 
improving the signal-to-noise ratio 
Instantaneous automatic volume control 


Rotation of antenna with 
reverse modulation 


Direction finder with instantaneous equisignal 
direction 
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Interference 


Methods for overcoming interference 


Random radar interference Modulation of pulse repetition frequency 

Velocity selection 

Range selection with narrow gate pulses 
Harrow pass band 
Acceleration selection 


Air-dropped chaff Acceleration selection 

Tie-in. of pulse edges, clipping and range 
selection 

Velocity differentiation 


Chaff fired into rocket, 
path 


Automatic frequency tracking 
Velocity selection 

Range selection with narrow strobe pulses 
Acceleration selection 


Spurious targets 


Acceleration selection 
Investigation of trajectory 


Remote interference 
(disrupting range 
selection) 


Velocity selection 

Range selection with narrow strobe pulses 
Automatic frequency tracking 
Acceleration selection 
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CHAPTER 4. COORDINATORS OF RADIO ZONE 
(BEAM-RIDING) CONTROL SYSTEMS 


4.1. Functional Diagram of the Coordinator 
of a Beam-Riding Control System 

The coordinator of a beam-riding control system consists of two sepa- /1^9 
rated parts, one of which is situated at the control point and the other 
on the rocket. The apparatus of the coordinator carried on the rocket consists 
of an antenna, placed in the rear part of the rocket, a radio receiver and an 
output device which is designed for functional conversions of the received 
signal. 

If the rocket is situated precisely on the equisignal direction, the 
pulses received by the radio apparatus aboard the rocket from the radar set 
will have a constant amplitude. Deflection of the rocket from the equisignal 
line causes the appearance of amplitude modulation of the received pulses with 
the frequency of rotation of the directional diagram of the antenna of the 
radar set. 

The conversion of the signal in the output device of the apparatus carried 
aboard the rocket essentially involves the detection of the envelope of the 
received pulses, amplification of the mismatch signal and its breakdown into 
two components characterizing the deflection of the rocket from an equisignal 
line in two mutually perpendicular planes. These components are used in 
forming the controlling effects which cause the rocket to return to an equi¬ 
signal direction. 

In order to detect the two mentioned components on the rocket, it is 
necessary to have a reference signal which fixes the beginning of reading of 
the phase of the envelope of the received pulses. This reference signal is 
transmitted from the radar set by the additional modulation of the radiated 
pulses. 

What has been said above makes it possible to construct the functional 
diagram of the coordinator of a beam-riding control system. Figure 4.1 /l60 

shows such a diagram. The position of the antenna Aj_ is set by the antenna 
control unit ACU, which is controlled by target designation signals. The dia¬ 
gram rotation motor DRM is connected to a reference voltage generator RVG. The 
voltage produced by it is fed to the unit for shaping the reference signal RSS 
which forms the signal used for additional modulation of the pulses received 
by the radar set. 

Aboard the rocket the signals received by the antenna Ag are amplified by 
the receiver rec and are fed to two channels: a mismatch signal channel MSC 
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KEY: 

1, Synchronizer 

2, Target designa¬ 

tion signals 

3, RVG 

4, DEM 

5, Red 

6, MSC 

7, RSC 

8, DCA„ 

9 , DCA^ 


and a reference signal channel RSC. The signals from the outputs of these 
channels are fed to phase detectors PD Z and PDy for measurement of the lateral 

and longitudinal deflection of the rocket, and then to the dc amplifiers DC^ 
and DCAy. 

The output voltages u z and Uy of the coordinator are dependent on the dis¬ 
placement of the rocket relative to the radar beam in the corresponding control 
planes. 

Figure 4.1 shows that the functional diagram of the apparatus aboard the 
rocket partially coincides with the diagram of the direction-finding apparatus 
of the homing system coordinator. For this reason, we will consider only the 
specific features of its operation in a beam-riding control system. 


4.2. High-Frequency Channel of the Receiving 
Apparatus of the Rocket 

One of the characteristics of the operation of the high-frequency channel 
of the receiving apparatus is the fact that the rocket antenna usually is 
situated at its rear, and therefore is in the jet of gases of the jet engine 
containing a large quantity of ionized molecules. As a result, the antenna is 
surrounded by ion plasma which influences the received signal. Also, there is 
reflection of electromagnetic waves from the "gas jet-air" discontinuity and 
absorption of energy on the path of propagation of the radio waves to the /l6l 
antenna. Both factors lead to an additional attenuation of the strength of the 
signal fed to the antenna. The degree of attenuation of the signal during its 
passage through the jet is dependent on the frequency of the received electro¬ 
magnetic oscillations, the type of jet engine, the characteristics of the fuel, 
etc. In the case of waves in the centimeter range, the decrease of signal 
strength can attain one or two orders of magnitude (ref. 3)* 

The degree of absorption of radio waves in the jet during the operation of 
the jet engine does not remain constant but varies continuously and these varia¬ 
tions are as great as 50 percent. This leads to amplitude modulation of the 
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signal by the jet with a quite high frequency. This parasitic modulation 
causes the appearance of a false mismatch signal if the frequency of scanning 
is close to the frequency of fluctuations of the jet. 

A considerable drop of the strength of the received signal due to a change 
of range between the radar set and the rocket in the course of its flight to 
the target also is characteristic of the operation of the receiving channel. 

In this case, when the launching site is.situated in the immediate vicinity of 
the radar station, such as when launching a rocket from a rocket-carrying 
aircraft, the signal strength arriving at the receiver antenna immediately 
after the launching can have an inadmissibly high value. If the necessary 
measures ar not taken, this will result in the disruption of operation of the 
input elements of the radio receiving apparatus and even total malfunctioning. 
One of the measures for protecting the receiver is the introduction of a 
special signal attenuator into the waveguide channel. The attenuation which 
it causes is changed in accordance with the program from a maximum value at 
the time of rocket launching to zero by the time of arrival in the target area. 
The introduction of an attenuator operating in accordance with a program also 
lowers the requirement on the dynamic range of the receiver. 

The electromagnetic oscillations radiated by the radar set forming the 
radar beam usually have plane polarization. If there is conical scanning in 
the radar by rotation of the primary radiating element, the polarization plane 
is rotated with the scanning frequency. When rotation of the reflector is 
used for scanning, the turning of the polarization plane of the arriving wave 
relative to the orientation of the waveguide of the high-frequency channel of 
the receiver occurs due to the transverse oscillations of the rocket. In 
both cases, there is a so-called polarization effect leading to a change of 
the amplitude of the received signal during the turning of the polarization 
plane of the arriving wave. 

If the polarization effect is caused by rotation of the polarization plane 
with the frequency of scanning, there will be polarization errors in the mis¬ 
match signal whose presence leads to a change of the amplitude of the actual 
value of the mismatch signal and to a distortion of its phase(ref. l). The 
first is equivalent to a change of the transfer coefficient of the mis- /l 62 
match signal channel and the second to a twisting of the axes of the meas¬ 
urement coordinate system. Therefore, it is necessary to take special measures 
for exclusion of the polarization effect. 

One of the methods for elimination of polarization errors is the use in 
the apparatus carried aboard the rocket of an antenna with circular polariza¬ 
tion. An example of such an antenna is a horn antenna with a dielectric plate 
(ref. 49). It consists of a horn 1 (fig. 4.2a), excited by a standard wave¬ 
guide 2 with a wave A phasing section 3 is placed between the horn and 

waveguide and is used in turning the horn relative to the axis of the waveguide 
by 45°. A longitudinal dielectric plate 4 is inserted in the phasing section. 

The conversion of the incident wave with plane polarization into a field 
with circular polarization in such an antenna occurs because the vector E of 
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Figure 4.2 


the arriving electromagnetic oscillation breaks down into two mutually perpen¬ 
dicular components with a time phase shift of 90 ° relative to one another. 

This shift is the result of use of a dielectric plate in the phasing section. 

It is easy to show that by use of such a device the amplitude of the 
high-frequency oscillations at the output of the phasing section is not 
dependent on the angle P v at which the vector E of the incident wave is ori¬ 
ented (fig. 4.2b). It can be seen from figure 4.2b that the components of the 
vector E along the narrow and broad edges of the dielectric plate are 


E xk = E cos - p v ) . 
£ yA =£sin(-J-p v ). 


(4.2.1) 


For the instantaneous values .of the electrical field at the output of the /I 63 
phasing section (without allowance for the attenuation created by it) we 
obtain 


e, = £cos(^-pjsino)^ 
e- l = E sin ^ cos u> 1. 


(4.2.2) 


By projecting the oscillations (4.2.2) onto the axis y , parallel to the 

narrow wall of the waveguide, for the resultant field e we find 

1/ 


e = e, cos T + e 2 cos T = (e, + e 2 ) 




(4.2.3) 
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The latter equation shows that the amplitude of the oscillations at the 
input of the receiver is not dependent on the orientation of the vector E. 
Therefore the turning of the polarization plane of the arriving wave has no 
influence on the operation of the coordinator apparatus aboard the rocket. 

The described method for exclusion of the polarization error leads to a 
decrease of the signal strength at the input of the receiver by a factor of 2 
in relation to the maximum possible value. However, this circumstance is no 
limitation on the use of such an antenna because the receiving apparatus is 
under the influence of direct (sounding pulses) of the radar set. We note that 
the operation of the radar apparatus carried aboard the rocket using the direct 
signals of the radar set makes it possible to use receiving apparatus having 
a low sensitivity, if the effective range of the beam-riding control system is 
low. 


4.3. Channel for Detection of Mismatch Signal 

The channel for detection of the mismatch signal includes a peak detector, 
an amplifier and a range potentiometer. 

We recall that in the case of a small deflection of a rocket from an equi- 
signal direction, the envelope of the video pulses at the output of the 
receiver has the form ( 3 .4.12) 


U rec = Upt 1 + m cos ( nt + ?)]• 


(4.3.1) 


The mean amplitude of the pulses Up is expressed by the formula 




g mix^ rtr r ^ 2 


rec’ 


(4.3.2) 


Here kj c is the absorption coefficient for the jet, is the radar pulse 
power, Gj^Pq) Is ihe coefficient of directional effect of the antenna of the 
radar on the equisignal direction, G r is the coefficient of directional /i64 
effect of the rocket antenna, X. is the wavelength, g ^ is the conductivity of 
the mixer of the rocket receiver, r r is the distance between the radar and the 
rocket, and k rgc is the amplification factor of the receiver from the mixer to 


the output of the video amplifier. 
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The depth of modulation m of the signal is proportional to the angular 

deflection of the rocket from the equisignal direction e , that is 

1R 


m 


k m e lR> 


(4.3.3) 


vhere the coefficient k m is determined by formula (3-4.13). The peak detector 

and the amplifier in the channel for detection of the mismatch single are 
similar in their purpose and diagrams to the same apparatus in a direction 
finder with an integral equisignal line. The voltage amplitude at the output, 
therefore, is expressed by the formula 


U 

a 


= U k k k e . 
p m D a 1R 


(4.3.4) 


It follows from the cited expression that the amplitude of the mismatch 

signal when U = const is proportional to the angular deflection of the rocket 
P 

from an equisignal direction. The constancy of the mean value of the amplitude 
of the pulses is ensured by the use of an automatic volume control system. 

In some cases it is desirable that the mismatch signal be proportional to 
the linear deflection of the rocket from the axis of the radar beam h, rather 
than to the angular deflection. 

In the case of small mismatches 


h « e ]_R r r . 


(4.3.5) 


By comparing expressions (4.3-4) and (4.3.5), it is easy to see that in 
order to obtain a proportional dependence between the amplitude of the mis¬ 
match signal and the linear deflection of the rocket the voltage at the output 
of the amplifier should be multiplied by a factor changing proportional to the 
distance r r . This is achieved by introduction into the channel for detection 

of the mismatch signal of an element whose transfer coefficient increases pro¬ 
portional to the range r r . In connection with this element, the apparatus 

carried aboard the rocket should contain an instrument for measurement of the 
"radar set-rocket” range. 

Since the signal proportional to the range r r is used only for change of 

the transfer coefficient of the amplification channel, it is not necessary /165 
to measure it with a high accuracy. For practical purposes, an element with 
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Figure 4.3 


a variable amplification factor is constructed in the form of a programming 
mechanism called a range potentiometer whose diagram is shown in figure 4.3. 

A ring potentiometer P is fed a voltage u proportional to the angular deflec- 

J 

tion of the rocket from the axis of the radio beam. The slide of the poten¬ 
tiometer is moved by the motor M of the reducer Red. The motor is cut in at 
the time of the rocket launching. If it is assumed that the velocity Vq of the 

rocket relative to the radar set is constant and the potentiometer has a uni¬ 
form winding, the resistance R^ of part of the potentiometer changes in con¬ 
formity to the law 

R l= R°.^r r , (4.3.6) 

V 0 

where R° is the change of the resistance of the potentiometer with a turning of 
the slide by one degree, is the speed of rotation of the rotor of the motor, 

and n is the gear ratio of the reducer. 

Then for the amplitude of the voltage from the potentiometer we obtain 

D 'a = jT U a = kpotaW l‘t-3.7) 

RO rKDflj 

Here k = --is the transfer coefficient of the range potentiometer and 

P R 0 v o 

Rq is the total resistance of the potentiometer. 

The coefficient k _ has the dimensionality f —| and shows to what 
poto L m J 

extent there is an increase of the relative voltage at the output of the poten¬ 
tiometer with a change of range by one meter. 
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The value k. 


should be selected in such a way that the potentiometer 


potd 

still is not fully cut in when the rocket flies a distance equal to its effec¬ 
tive range r . If the mentioned reserve is 10-20 percent, the maximum 
r max 

value is determined as 


pot3 max 


0 . 8 - 0.9 

r 

r max 


In designing the range potentiometer, it is desirable that the value k .- be 
selected close to the maximum. p 


4.4. Reference Signal Channel 

The signal produced by the reference voltage generator of the radar set 
(fig. 4.1) has the form of a sinusoidal oscillation rigidly in phase with the 
scanning of the directional diagram of the antenna. The transmission of /l66 
the reference signal to the rocket is accomplished by additional modulation 
of the pulses radiated by the radar set. 

The reference signal channel of the radar apparatus aboard the rocket is 
used for detection of the reference signal from the received sequence of 
pulses. 

Two methods are used for transmission of the reference signal: in the 
first the sinusoidal reference voltage is transmitted completely, whereas in 
the second only individual values of this voltage related to the characteris¬ 
tic points of the position of the maximum of the directional diagram are trans¬ 
mitted, such as "up-down" and "right-left." 

The following types of modulation now are used widely for the transmission 
of a continuous communication by pulsed signals (which in the considered case 
is a sinusoidal oscillation with a phase unknown to the recipient): pulse- 
amplitude (PAM), pulse-width (rWM), pulse-phase (PFM), pulse-frequency (PIM) 
and pulse-code (PCM) modulation. Briefly we will evaluate the possibility of 
u sing the mentioned types of modulation for the purposes of transmission of a 
reference signal. The unsuitability of PAM is due to the impossibility of 
detecting the reference signal and the mismatch signal at the receiving end, 
because the latter is formed from pulses modulated in amplitude by an oscilla¬ 
tion of the same frequency as the reference signal. The use of PWM makes it 
necessary to increase the mean power of the transmitter, which frequently is 
undesirable. In the case of transmission of a sinusoidal oscillation, phase 
and frequency modulation are almost similar in their properties, though PTM 
continues to have some advantages because its use does not require forming of 
synchronizing pulses. Finally, PCM in theory can be used for transmission 
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of a reference signal but quite complex systems of coding and decoding are 
necessary for its use. 

The brief analysis made above shows that PM is the most convenient form 
of modulation for transmission of a reference signal. For example, such modu¬ 
lation is used in the control system of the "Oerlikon" rocket (ref. 14). 

On the transmitting end the PM modulator is designed most simply using 
the conversion of PWM into PM. The functional diagram of such a modulator 
is shown in figure 4.4. The video pulses from the cadence generator CG, 
which serves as a radar set synchronizer, are fed to the slave multivibrator 
SM and periodically trigger it. At the same time a sinusoidal reference 
voltage from the RVG is fed to the grid circuit of the multivibrator. Square 
pulses are formed at the output of the mutlivibrator. The pulse duration is 
proportional to the voltage fed to a differentiator Dif and then to a limiter 
L. The limiter suppresses the pulses corresponding to the times of trig- /l67 
gering of the multivibrator. Therefore, a sequence of pulses is formed at 
its output. The position of each of these pulses will be determined by the 
value of the modulating voltage (fig. 4.5)* The resulting sequence is used for 
triggering the radar set transmitter. 

The channel for detection of the reference signal in the considered type 
of modulation contains a limiter and demodulator. The limiter is designed to 
eliminate the amplitude modulation caused by the deflection of the rocket from 
an equisignal direction. The circuitry of the demodulator can be designed in 
different ways. The detection of the component of the reference signal con¬ 
tained in the received sequence of pulses can be accomplished by use of a band 
filter tuned to this frequency. The mentioned component is increased by 
placing a pulse widener in front of the filter. As an example, figure 4.6 
shows the functional diagram of the reference signal channel when the signal is 
transmitted by PM. It consists of a limiter L, a pulse widener PW, a filter 
F, an amplifier Amp and a shaper Sh. In the shaper the reference signal as¬ 
sumes the necessary shape and is brought to the required strength. 

In the second method for transmission of the reference signal, when the 
maximum of the directional diagram of the radar set antenna intersects certain 
characteristic points, the radar radiates special cadence pulses which differ 
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Figure 4.7 Figure 4.8 


from the main sequence with respect to some qualitative criterion, such as 
duration, timing code, additional modulation, etc. (ref. 2). 

In figure 4.7> the crosshatched circle represents the cross section of the 
directional diagram of the radar set antenna, and the dashed line denotes the 
path covered by its maximum during rotation about the equisignal line. /l68 
The point o denotes the trace of this line on the sectional plane. The 
figures I, II, III and IV denote the right, upper, left and lower positions of 
the directional diagram, respectively. The reference signal can be transmitted 
either by two cadence pulses radiated at times corresponding to the passage of 
the diagram through the points I, III or II, IV, or four cadence pulses corre¬ 
sponding to the passage of the diagram through the points I, II, III and IV. 

Figure 4.8 shows the functional diagram of the reference signal channel in 
the case of signal transmission by two cadence pulses radiated at points I and 
III. The received sequence of pulses is fed from the output of the receiver to 
the limiter L, eliminating the amplitude modulation of the signal. This is fol¬ 
lowed by two cadence pulse selectors CPS-I and CPS-III. The circuits of the 
selectors are selected on the basis of what qualitative criteria are imposed on 
the cadence pulses. The selector CPS-I separates out from the entire sequence 
only the cadence pulses radiated at point I and the selector CPS-III, only those 
radiated at point III. The selected pulses activate the trigger Tr, whose out¬ 
put voltage serves as the reference signal for the longitudinal deflection chan¬ 
nel (deflection along the oy^ axis). The lateral deflection signal (for deflec¬ 
tion along the ozp axis) is formed by shifting the rotation of the diagram by a 

quarter period in the phase shifter PS. If the cadence pulses are radiated at 
points II and IV, the voltage from the trigger is fed to the phase detector of the 
lateral deflection channel and from the phase shifter to the phase detector of 
the longitudinal deflection channel. 

The functional diagram of the reference signal changes somewhat during the 
transmission of four cadence pulses (fig. 4.9). After passing through the /169 
limiter L, the received sequence of pulses is fed to four cadence pulse 
selectors CPS-Ij CPS-III, CPS-II and CPS-IV. The selected pulses activate the 
two triggers Tr^ and Trg. The trigger Tr^ produces the reference voltage of 
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1, CPS-I 

2, CPS-III 

3, CPS-II 

4, CPS-IV 


the longitudinal deflection channel and Tr^ the reference voltage for the lat 
eral deflection channel. 


4.5. Block Diagram of the Coordinator of a 
Beam-Riding Control System 

Now we will discuss the block diagram of a beam-riding control system for 
a case when the radar set forming the beam automatically tracks the direction 
of the target, that is, when the rocket is guided by the coincidence method. 

Figure 4.10 shows the relative position of the target, rocket and radar 

beam for some moment of time. Here o x y z is a ground coordinate system 

c 6c ec 6c 

whose origin is at the site of the radar station. The directions to the tar¬ 
get and rocket are given by the angles e^, e^, and e^, respectively. 

The position of the radar beam is characterized by the angles e and e , . 

KV nil 
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Figure 4.11 


Due to the errors of the system for automatic tracking of the target by angu¬ 
lar coordinates, which occur under real conditions, the direction of the beam 
aoes not coincide with the radar set-target line. Since the apparatus aboard 
the rocket measures the mismatch signal characterizing the displacement of 
the rocket in relation to the radar beam, it is convenient to introduce a 
measurement coordinate system ° c x m y m z m > whose axis o c x m is directed along the 

axis of the beam and whose axes o y and o z are situated in the vertical and 

c^m c m 

horizontal planes, respectively. The position of the rocket in the measure¬ 
ment coordinate system can be given by different methods, especially by th e /170 
range r r and the two linear deflections hy and h z , or the range r r and the 

fro angular deflections e and € 

IRv lRh 


In addition, the linear displacement of the rocket relative to the beam 


is given by the coordinates h and cp, where h == Y(h y ) 2 + (A z ) 2 and co = arc tan ^ 

The controlling effects for the coordinator of the beam-riding control 
system will be the angular movements of the target 6 ^ = e (t) and = 

€ ^(t). These movements are measured by the radar and this establishes the 

necessary direction of the equisignal line 6 and e^. Here 




6 Rv W Rv^ € tv' ) 

> (4.5.1) 

e Rh = W Rh^ € th* J 


In the block diagram figure 4.11, the mentioned conversions are shown to 
occur in links with the transfer functions Wp v (D) and case 

guidance by the coincidence method they represent the transfer functions of 
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the vertical and horizontal deflection channels of the closed system for auto¬ 
matic tracking of the target in direction. 

If the rocket is guided to a future position, the mentioned links reflect 
the dynamic properties of the radar set tracking the target, of the computer 
calculating the future position and of the radar set creating the radar beam. 


In the case of small deflections of the rocket from an equisignal direc¬ 
tion and in the case of a small angle of elevation of the latter e , the angu- 

r\V 


lar mismatches e and 

-LK V 


'lKh 


can be determined as 


€ 1Rv = e Bv ‘ e rv’ 
e LRh = e Rh " e rh* 


(4.5.2) 


In the case of 
complex angle = 


small mismatch angles, it is convenient to introduce the 
e lRh + ^ € 1 Rv’ ^ en tlie considered block diagram is repre¬ 


sented by the links of a single-channel system. 


~1R 


The first link (modulator) relates the angular mismatch of the rocket /171 
to the complex amplitude of the mismatch signal at the output of the 


peak detector. 


The transfer coefficient of the link k is equal to 

M 


k = U k k . 
M p m D 


The next link is the mismatch signal amplifier. The amplifier transfer 
coefficient can be used to take into account the presence of an additional 
phase shift between the reference voltage and the mismatch signal if it is as¬ 
sumed that this coefficient has the complex value k = k e^. The additional 

a a 

phase shift jji is caused by various factors: a signal delay in the mismatch 
signal channel, inaccuracy of transmission of the reference voltage from the 
radar set, etc. The mentioned shift causes a twisting of the axes of the 
measurement and command coordinate systems. 


The range potentiometer, following the amplifier, has a variable amplifi¬ 
cation factor k r . Its value increases with an increase of the range r 
pota r r 

between the radar set and the rocket. 


The last two links--the phase detector and the dc amplifier--are charac¬ 
terized by the transfer coefficients kp^ and k^^* If it is necessary to 
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take into account the inertia of the phase detector, the coefficient k should 

kpj) 

be replaced by the transfer function Wp^(D) = ^ ^ + j , where Tp^ is the time 


PD 


constant of the phase detector filter. 


The electronic apparatus carried aboard the rocket as a component part of 
the beam-riding control system is characterized by the transfer coefficient 
kpp, representing the product of the above-mentioned coefficients, that is 


DF 


■ U pWaVta r r k PD k DCA' 




(4.5-3) 


It establishes the relationship between the angular value of the mismatch u^p 

and the measured value of this mismatch e, 

h 


u h “ k DF e lR• 


(4.5.4) 


If (j, = 0, the transfer coefficient of the apparatus carried aboard the 
rocket will be a real value and both measurement channels will become indepen¬ 
dent. Then 


u y _ k DF e lFv> 
U z = k DF e iRh‘ 


(4.5.5) 


' e note that k^p increases with an increase of the range between the rocket and 

the radar set. The latter means that the angular sensitivity of the coordina¬ 
tor of the beam-riding control system increases with an increase of r r . 

In the case of small angles e._ and e,_, it can be assumed that /172 

^ IRv lRh 1 —— 


h x 

6 'R 

~ h y 

e iRv~7" • 
r T 


(4.5.6) 


ft fter substituting the values e, and e from (4.5*6) into (4.5»5)» we 
obtain 1Rv 1Rh 
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k' h,, 
.k' h y , 

DF y 


(^.5.7) 


where k 1 ^, = —— is the transfer constant of the apparatus aboard the rocket 
used for determination of linear deflection. 

Thus, due to the introduction of a range potentiometer, the sensitivity 
of the coordinator for linear deflection becomes a constant value. In this 
connection, it sometimes is said that the range potentiometer performs a 
scaling of a conical coordinate system into a cylindrical coordinate system. 

The principal regulations which are performed in the output apparatus of 
a coordinator for a beam-riding control system are similar to the regulations 
of the output apparatus of a direction finder with an Integral equisignal 
direction. These include: establishing a balance in the output stages, 
phasing and establishing nominal amplification. 


4.6. Characteristics of Operation of a Coordinator 
in the Launching Segment 

The initial or launching segment of the trajectory continues from the 
time of launching of the rocket to its entry on the radio beam. In the first 
stage of the launching segment the rocket is controlled by an autonomous 
(programmed) guidance system. 

A staoLe transition from autonomous flight to radio beam control, that is, 
stable entry of the rocket into the beam, is possible only when a number of 
conditions are met. For example, it is of great importance to select the 
value of the angle at which the rocket approaches the radio beam. If this 
angle is sufficiently great, the rocket rapidly enters an equisignal zone, but 
there is danger of "jumping'* of the radio beam and therefore a disruption of 
guidance. In the case of a small angle of approach, the process of entry into 
the beam is prolonged and can be disrupted due to distortion of the mismatch 
signal, when the rocket passes through the zone of the side lobes of the direc¬ 
tional diagram of the radar set antenna, and disruption of the phase relations 
between the reference signal and the mismatch signal. 

The value of the admissible angle of entry of the rocket into the beam is 
ietermined by a number of factors: width of the directional diagram of the 
radar set antenna, amplification factor of the system, properties of the 
rocket, etc. The computed value of this angle is assured by proper orien- /173 
nation of the launching apparatus relative to the axis of the radio beam at 
the time of rocket launching. For rockets with a small effective range it also 
:s of considerable importance to take into account the time required for the 
attenuation of transient processes after the rocket has entered the beam. 
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Figure 4.12 


The process for entry of the rocket into the radio beam is facilitated by 
using a radar set with two beams—broad and narrow (ref. 14). Such a set con¬ 
tains two transmitters operating at spaced frequencies and feeding two antennas, 
one of which forms a beam with a width of 20°, and the other with a width of 3° 
(fig. 4.12). The rocket is controlled initially by the signals of the broad- 
beam transmitter. After the intensity of modulation of the broad-beam signals 
becomes less than a stipulated value, there is automatic switching aboard the 
rocket to control by narrow-beam signals. In such a system, in addition to 
retention of accuracy associated with guidance by a narrow beam, the conditions 
are superior for entry of the rocket into the radio beam due to the use of a 
broad beam. 

A number of specific peculiarities arise in the coordinator of a beam¬ 
riding control system in the process of passage of a rocket through the zone of 
the side lobes and discontinuous irradiation. 

One of these peculiarities can be attributed to the presence of a con¬ 
siderable level of the side lobes in the directional diagram of the radar sys¬ 
tem which can cause the formation of spurious equisignal directions. If the 
slope of the direction-finding chraracteristic in the spurious equisignal zone 
has the same sign as in the principal control zone, there is a danger of the 
rocket being caught in the spurious equisignal direction. If the signs of the 
slope of the mentioned characteristics are opposite, the rocket will be 
repulsed from the radio beam instead of being drawn into it. 

Disruption of operation of a beam-riding control system in the launching 

segment of the trajectory also can occur when there is a low level of the side 

lobes due to the presence of a so-called zone of discontinuous radiation. 

7 i?ure 113 shows the envelopes of video pulses at the out-cut of +;- e re _ /174 

’eiver with a change of the angle e between the rocket pr.d the equisignal 

LR 

Ureckon* ^he envelopes ver^ constructed without taking into account the ef¬ 
fect rf t.ie automatic volume control of the radio receiver. Curve 1 :orre- 
stonds to -small angular deflection. Curves 2, J and ^ were constructed for in- 
leasing angles of deflection. 
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The figure shows that the amplitude of the mismatch signal first increases 
together with an increase of the angle e , and then begins to decrease. In 

the case of large angular deflections the signal at the output of the receiver 
constitutes individual groups of video pulses repeated with the frequency of 
rotation of the diagram. The amplitude and duration of the groups decrease 
with an increase of the angle e^. The space around the axis of rotation of 

the directional diagram of the radar set can be broken down into three zones 
with conical surfaces, whose intersections with the planes perpendicular to the 
axis of rotation of the diagram form concentric circles 1 and 2 with centers 
on this axis. (fig. 4.14). The zone of continuous radiation or the zone of 
normal operation is the part of the space in which the intensity of the signals 
reaching the input of the radio receiver of the rocket is always greater than 
the response threshold. The section of the zone of continuous radiation in 
figure 4.14 is crosshatched. In the zone of discontinuous radiation, the inten¬ 
sity of the signals reaching the input of the radio receiver of the rocket, 
during some part of the period of rotation of the radar set antenna diagram, 
becomes less than the response threshold of the receiver. In figure 4.14, the 
section of this zone is represented by the ring between the outer circle and 
the crosshatched circle. Finally, the zone where there is no radiation is the 
remaining part of the space. When the effect of automatic volume control of 
the radio receiver is taken into account, these zones remain but change their 
size. 


In the zone of discontinuous radiation, the received signal has the form 
of a group of pulses repeated with the frequency of rotation of the diagram. 
This character of the received signal is reflected both on the operation of the 
mismatch signal channel and on the operation of the reference signal channel. 

In the first channel, this is expressed in a rather sharp decrease of the 
transfer constant k^p. However, in some cases the operation of the second 

channel is disrupted completely. For example, in the transmission of a refer¬ 
ence signal using additional pulse-frequency modulation, the voltage formed at 
the output of the reference signal channel will contain a rather considerable 
component of the mismatch signal in addition to the reference signal. The 
presence of this component in the reference voltage disrupts the regularity of 
breakdown of the mismatch signal in the phase detectors, and the output signal 
of the coordinator will not correspond to the actual deflection of the rocket 
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from the equisignal direction. In the case of transmission of voltage by 
cadence pulses, disruption of the operation of the reference signal chan- /175 
nel in the zone of discontinuous irradiation is caused by the absence of 
individual cadence pulses when there is no radiation. 

In each specific case, computation of the zone of the side lobes and discon¬ 
tinuous radiation makes it possible to determine the time of transition of the 
rocket from autonomous flight to beam-riding control. This transition should 
occur only after the rocket overcomes this zone. 


4.7. Evaluation of the Accuracy of a Coordinator 
of a Beam-Riding Control System 

The method for evaluating the accuracy of a coordinator in a beam-riding 
control system will be considered using the example of rocket guidance by the 
coincidence method. It will be assumed that there are no cross connections 
between measurement channels, and therefore the errors of only one measurement 
channel need be taken into account. For unambiguity, we will consider the 
case of measurement of the mismatch parameter for guidance in a vertical plane. 

We recall that in the coincidence method the mismatch parameter is the 
angular or linear displacement of the rocket relative to the control point- 
target line, that is, A € ^ = € i = “ e r > or = h » r r e l ^*15) • On the 

basis of the measured value of this parameter, a control or command signal is 
formed which causes the rocket to hold to the line o Q T. Errors in measurement 

of h or A, therefore will lead to inexact guidance of the rocket, 
n 

Different factors give rise to errors in measurement of the mismatch param¬ 
eter. In particular, they arise due to inexact tracking of a target by the 
radar set forming the radio beam. This inaccuracy is caused by dynamic and 
fluctuation errors of the radar set. In addition, it can be caused by artifi¬ 
cial noise created by the radar set. 

Another group of errors in measurement of the mismatch parameter is caused 
by distortions of the signals in the apparatus carried aboard the rocket. 

These distortions arise due to the noise in the receiver, nonstationary absorp¬ 
tion of radio waves in the jet and the effect of artificial interference on the 
radio apparatus carried aboard. 

In theory all the mentioned errors can be taken into account and the /176 
total error in measurement of the mismatch parameter can be determined. 

However, hereafter we will limit ourselves, in the computations, to a number of 
perturbing effects which should be taken into account when determining the 
accuracy of a coordinator of the considered type. We will compute only the 
measurement errors caused by fluctuation and dynamic errors of radar tracking of 
the target. We also will assume that the fluctuation errors of tracking are 
caused by fluctuations of the amplitude of the signal reflected from the target 
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(amplitude noise) and noise interference created by the target. As was demon¬ 
strated earlier, the nature of its effect on a system for automatic tracking 
of a target based on measurement of angular coordinates and using conical 
scanning is identical. The angular noise caused by the disordered movement of 
the effective center of reflection of the target can be neglected due to the 
considerable distance between the radar tracking set and the target. 

As a result of allowance for the errors in tracking of a target by a 
radar set in an analysis of the motion of the rocket and target in the plane 
°c x ec^ec (^6* 4.15) an additional component AUy, caused by the mentioned 

errors, appears in the output voltage of the channel for measurement of longi¬ 
tudinal deflection. Then the voltage at the output of the coordinator can be 
represented in the form 


“y —“y+ A “y 


(4.7.1) 


The voltage u» = k^e^ characterizes the deflection of the rocket from 

the equisignal direction and the signal u = k^e^ = k'^h is the measured 

value of the mismatch between the control point-target line and the direction 
to the rocket. 

The additional voltage component Au is equal to 

y 


Au = 


y 


1A' 


(4.7.2) 


The angle e between the line of sight and the direction of the radio beam is 

caused by the inaccuracy of tracking of the target by the radar set. It con¬ 
sists of two parts 
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e lA — s Ud "1” e 'if> 


(^-7-3) 


vhere e is the dynamic tracking error and e is the fluctuation error. 
lAo lAr 

As was pointed out in section 3*11* the dynamic error of the system for 
automatic tracking of the target using angular coordinates is expressed by the 
formula 


E, Ad— i (D) *t f 

vhere W^(D) is the radar set transfer function. 

By stipulating the specific law of change of the angle e^(t) it is /177 

possible to determine the component of the dynamic error in the voltage meas¬ 
ured by the coordinator 


U*r^=k 6 


lAd* 


(4.7-5) 


The fluctuation error in measurement of the mismatch parameter, repre¬ 
senting the voltage of low-frequency noise at the output of the coordinator, 

is 


u nc = k DF e lAf> 


and is characterized by the spectral density G nc (o)) or the dispersion a ^ (it 

is assumed that the mathematical expectation of the random function u nc (t) is 
equal to zero). 

The spectral density G nc (u)) is determined using the formula 


<? nc w=y. <*• • 7• 6) 

vhere F 0 (juu) is the frequency characteristic of the closed radar system, 

'j-(n) is the spectral density of the coefficient of noise modulation caused 

'-J fluctuations of the amplitude of the signals received by the radar set, and 
is the modulation transfer constant for the radar set used in tracking the 

target. 
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By using (4.7*6) it is easy to obtain the dispersion of the fluctuations 
of the measured voltage 



(4.7-7) 


The statistical characteristics of the fluctuation error of the coordina¬ 
tor usually are computed for some constant range between the rocket and the 
control point. 


4.8. General Information on Coordinators Using 
Radio Navigation Measurement Apparatus 

Coordinators of radio zone (beam-riding) control systems which employ 
radio navigation measurement apparatus can be used on rockets guided along 
fixed trajectories. As already mentioned, the guidance of rockets along fixed 
trajectories is the practice in those cases when the launching point, control 
point and target are fixed relative to the Earth 1 s surface. Under these con¬ 
ditions the function of the coordinator is reduced essentially to determina¬ 
tion of the deflection of the rocket from the stipulated reference trajectory. 
It was noted earlier that the coordinators of systems for the guidance of 
winged rockets along fixed trajectories should contain three measurement chan¬ 
nels: altitude, lateral deflection and remaining range. 

The coordinators of systems for the control of ballistic rockets /178 
include channels for measurement of lateral deflection, velocity and in¬ 
clination of the trajectory. Navigation measurement apparatus is used most 
frequently for measurement of the mismatch parameters for lateral deflection, 
remaining range and velocity. Hereafter emphasis will be on the design of 
coordinators for winged rockets, although for some measurement apparatus it 
will be noted that they can be used for measurement of the mismatch parameters 
in systems for guidance of ballistic missiles. For the sake of unambiguity, 
in the classification of coordinators with navigation measurement apparatus 
given below the basis used is the type of measuring instrument used for the 
lateral deflection channel. On the basis of this criterion, the mentioned 
coordinators can be grouped as angle-measuring, angle-measuring— range-finding, 
range-finding and add-subtract - range finding. In the sections which follow, 
we will give the diagrams of coordinators employing the mentioned types of 
measuring instruments and we will clarify the functional changes which the 
measured values must experience for formation of the mismatch parameters. The 
basic considerations involved in evaluation of the accuracy of coordinators 
of the mentioned types also will be given. 

Since hereafter we will consider the possibilities of measuring the mis¬ 
match parameter only for the lateral deflection and remaining range channels, 
all the graphic constructions associated with the rocket trajectories will be 
made in a horizontal plane without taking into account the curvature of the 
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Earth's surface. In case of necessity the curvature of the Earth's surface can 
be taken into account without special difficulty, but this somewhat complicates 
the final formulas, depriving them of their graphic character. 


4.9. Coordinators Based on the Use of Radio 
Navigation Angle-Measuring Apparatus 

The apparatus of a coordinator based on use of radio navigation angle- 
measuring apparatus consists of two parts: one on the ground and the other 
carried aboard the rocket. The ground part of the coordinator is situated at 
the control point, in the immediate vicinity of the rocket launching point. A 
vertical equisignal plane oriented along the rocket launching point-target 
line is formed by the ground apparatus, which consists of a transmitter and an¬ 
tenna system. 

Figure h.l6 shows the position of the launching point of the rocket o c , 

the rocket itself R and the target T. The notations used in figure 4.l6 cor¬ 
respond to the notations used in figure 2.1. 

The equisignal plane formed by the ground apparatus of the coordinator 
is oriented along the axis c^Xju by means of a positioning apparatus for an 

angle Pq determined from the map. 

In principle the operation coordinators of the angle-measuring type dif¬ 
fer little from the coordinators of beam-riding control systems considered 
above. In this case the formation of the equisignal plane is accomplishe d/179 
either by rotation of the narrow directional diagram of the antenna, whose 
maximum is displaced relative to the axis of rotation, or by oscillation of 
the diagram in a small range. In addition, the ground apparatus forms and 
transmits to the rocket a reference signal which carries information on the 
change of the position of the maximum of the directional diagram. 



Figure 4,l6. 
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The electronic apparatus carried aboard the rocket includes an antenna, a 
receiver and an output. In turn, the latter includes: a mismatch signal chan¬ 
nel, a reference signal channel, a phase detector and a dc amplifier. A range 
potentiometer is included in the mismatch signal channel so that the output 
voltage of the coordinator will be proportional to the linear deflection of the 
rocket from the equisignal plane. Since such a coordinator should measure 
rocket deflection only in the course plane, the output contains only one phase 
detector. 

The output voltage u z of the coordinator in the case of small deflections 
of the rocket from the reference trajectory is 

u z ~ k ’uF z > (4.9.1) 


where k' 


DF 


_ k DF 


, and kp F is determined using formula (4.5*3)' 


In the case of guidance of winged rockets, the control point or the rocket 
must have data on the remaining range r ro > that is, the distance between the 


rocket and the point where it begins its dive. On the basis of these data, a 
command is formed for diving. Such data cannot be obtained using the coordina¬ 
tor described above and it therefore is supplemented by a range-finding sys¬ 
tem. An interrogator is included in the ground apparatus and a responder is 
carried on the rocket for measurement of the range from the control point to 
the rocket r r . Using such a system the range r r is measured at the control 

point on the basis of the delay of the response pulse relative to the /l8o 
interrogation pulse. Since with a sufficient degree of accuracy r « r , 

1 I A 


the mismatch parameter of the remaining range channel is expressed as 


A ro = r D " 



(4.9.2) 


The command for the rocket to begin its dive is produced at the time when 
the mismatch becomes equal to zero. 

In the case of guidance of ballistic missiles there usually is no need of* 
a range channel and the angle-measuring coordinator is used only for the pur¬ 
pose of lateral correction of the rocket in the active part of the trajectory. 

as an example of the use of such a coordinator we will examine one _at- 
^ral ’tr^ec ti.on apparatus of the V2 rocket (ref. ^ ■ . 

The .functional diagram of the coordinator is snown in figure 4,17. The 
eouisignal olane is created by an antenna system consisting of two naif-wave 
vibrators 7- and V-, spaced at the distance t »•> ynere \ i 3 the vaveiengtr. 
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2, S0G 2 

3, PkD! 

4, PkD 2 


Figure 4.17 


The form of the interference pattern created by the lobes of the diagrams is 
dependent on the phase shift of the currents in the vibrators. With a change 

of the current phase in the antennas by ± — , the diagrams are displaced by a 

2 

small angle (about 1°), that is, the major lobes of the diagram occupy the 
position I or II. The diagrams are switched by the phase commutator PC, con¬ 
trolled by a synchronizing apparatus SA with the frequency F =50 cps. At 

com 

the same time, the synchronizing apparatus controls the switch of the subcar¬ 
rier oscillations generators SOG^ and SOG ^ which form sinusoidal voltages 

with the frequencies = 5000 cps and F2 = 8000 cps. These voltages are fed 

through the switch Sw to the transmitter modulator. The switching of SOG^ and 

SOG2 * s ^th the same frequency commutation ^ com = 50 cps. Therefore, when the 

directional diagram of the antenna is in the position I, it radiates an 
amplitude-modulated voltage of the frequency F,, with movement of tne diagram 

into position II, the carrier is modulated by a voltage of the frequency F 3 . 

He apparatus carried on the rocket consists cf an antenna, receiver and out¬ 
put device. The form of the received signal is dependent cn the orientation 

of the rocket relative to the axis o x . 

c m 

Figure 4.l8 shows the temporal diagrams of the signal at the reception 

point for cases when the rocket is situated treciselv on the axis 0 x : 'fig. 

cm 

*hl8a), to the left of it (fig. k.lbb) and to the rcf it ifig, k.ltfc' . 

The signal is amplified and rectified in the receiver Hec. The tem¬ 
poral diagrams of the voltage at the receiver output, when the /l8l 

rocket is tc the left and to the right of the xine c x , are snown in 

3 n 

figure 4.l8d and « respectively ,Tr he m.tju r , f'.r tne red.:,; :ig 
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Figure 4.l8 


apparatus aboard the rocket includes a reference signal channel and a mismatch 
signal channel. The reference signal channel contains a filter F^ which is 

tuned to a frequency F-^ = 5000 cps, a peak detector PkD^, a filter F2 tuned to 
a frequency^F com = 50 cps and a limiter L. The voltage curves for the output 
of the filter F-, and the limiter are shown in figure 4.lof, g. We note that 
the initial phase of the reference voltage u re; p is not dependent on the direc¬ 
tion of deflection of the rocket. This voltage is fed to the phase detector 
PD. 

The mismatch signal channel contains a peak detector PkD^ and a filter 
F^ tuned to the frequency F com = 50 cps. The voltage curves for the output 
of the channel are shown in figure 4.l8h, where the solid curve represents 


196 


Digitized by LjOOQle 










the mismatch voltage for deflection of the rocket to the left of the equisignal 
plane., while the dashed curve represents deflection to the right. The ampli¬ 
tude of this signal within the limits of the direction-finding characteristic 
will be proportional to the angle (fig. 4.l6) and the phase changes by l8o° 

with a change of the direction of deflection. The mismatch signal also is fed 
to the phase detector. The value and sign of the rectified voltage at /l82 
the output of the phase detector are dependent on the value and direction 
of deflection of the rocket from the equisignal plane. 

In the amplification stage AS, which follows the phase detector, there is 
a range potentiometer which is controlled by a programming mechanism. As a 
result, the mismatch voltage at the output of a coordinator of the considered 
type will be proportional to the linear deflection of the rocket from the equi¬ 
signal plane. 

The sources of errors of coordinators of the angle-measuring type are: 
inaccuracy of setting of the equisignal plane, distortions of the plane due to 
reflections from the Earth and local features, instrument noise of the receiver 
and external interference. 

In order to decrease the errors caused by instrument noise of the receiver, 
the power of the transmitter of the ground station is selected in such a way 
that, at the maximum computed range, the power of the received signal will be 
an order of magnitude greater than the instrument noise. 


4.10. Coordinators Based on Use of Angle-Measuring— 

Range-Finding Radio Navigation Apparatus 

By use of a navigational angle-measuring— range-finding system aboard a 
rocket or aircraft, it is possible to measure its polar coordinates (range and 
azimuth) relative to some navigation point. When a computer is included in the 
apparatus aboard, such a system makes it possible to determine (using the meas¬ 
ured values of range and azimuth) the deviation of the craft from the stipulated 
course and the path it has covered. Such a system, therefore, can be used as 
the basic system for designing the coordinator of a rocket to be guided along a 
linear fixed trajectory. 

A coordinator of such a type consists of two parts: one on the ground and 
the other on the rocket. The ground apparatus of the coordinator is installed 
at the control point, which can be some distance from the point of the rocket 
launching. 

Different designs of an angle-measuring — range-finding coordinator are pos¬ 
sible. In order to be specific, we will assume that it is designed on the 
basis of the "Tacan" navigation system (ref. ll). 

The simplified functional diagram of the coordinator is shown in /183 
figure 4.19. The ground part of the coordinator is an omnidirectional 
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Figure 4.19 


phase transponder. It consists of a receiver of interrogation pulses Rec, a 
coder, designed for coding of response signals, a transmitter Tr and an an¬ 
tenna system A^. The directional diagram of the antenna, constituting a nine- 

lobe cardioid, is rotated in a horizontal plane with a constant angular veloc¬ 
ity fi^. As a result, the radio beacon signals at the reception point are 

amplitude-modulated with the frequency The phase of the envelope of the 

received pulses is dependent on the azimuth of the reception point. The 
reference signal required for determination of the azimuth is transmitted in 
the form of coded pulses radiated when the maximum of the cardioid passes 
through north. 

The apparatus carried aboard the rocket includes: a pulse interrogator 
Int, a receiver of response pulses Rec, an angle measurement channel, a range 
measurement channel and a computer Com. 

The range between the beacon and the rocket r is measured from the time 

br 

which elapses from the time of radiation of the interrogation pulse to the 
time of reception of the response pulse. The synchronization of the inter¬ 
rogator and the triggering of the range phantastron of the circuit for meas¬ 
urement of r br is accomplished using a single synchro-generator placed in the 

range measurement channel. The position of the response pulses is compared in 
the time discriminator with the position of a pair of strobe pulses formed 
from clipping of the pulse of the range phantastron. In the case of a mis¬ 
match between the mentioned pulses, an error signal is produced which acts on 
the control apparatus, the latter being an electric motor to which a potenti¬ 
ometer is connected. The voltage of this potentiometer controls the pulse 
duration of the range phantastron. Under the influence of the error signal, 
the pulse duration of the range phantastron will vary until the strobe pulses 
coincide with the responder pulses. Obviously, in this case the voltage across 
the potentiometer of the control apparatus will be proportional to the dis¬ 
tance r br between the beacon and the rocket, that is, it will represent the 

instrument analog of the mentioned range. 



198 


Digitized by LjOOQle 















'm 


4z r 
Figure 4.20 


The principle of measurement is measurement of the phase of the envelope 
of the received pulses in relation to the phase of the reference signal. The 
angle-measurement channel, therefore, in many respects is similar to the chan¬ 
nel for measurement of angular mismatch of the coordinator of the angle- 
aeasuring type considered in the preceding section. 

Since the geographical coordinates of the launching point o c , of the con¬ 
trol point o and the point of transition of the rocket into a dive D are 

known, the initial data for guidance can be obtained from a map or by computa¬ 
tions. These include: the angular coordinates of the target, launching point 

and point of transition of the rocket into a dive P , P and P , and also 

0 c D 

the ranges r_, r and r _ (fig. 4.20). 

D c-cp cp-D 

In addition, the minimum distance r^ from the control point to the 

axis o x_ is considered known. This distance is determined from a map or is 
cm 

computed using the formula 

r 0 = r cp-D Sin (P 0 - V* (4.10.1) 

The rocket measures the range r between the rocket and control point 

r-cp 

and the angle P r , equal to 0 r = 3^0° - p az where 0 a2 r is the azimuth of 
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the rocket in a coordinate system related to the control point. Figure 4.20 
shows that the lateral deflection of the rocket from the reference trajectory 
can be determined using the formula 


z 


r 

r-cp 


sin (p Q 



0 


(4.10.2) 


The remaining range to the point of diving r is determined from the 
expression 


r = r^- r = r _ cos (P» - fO - r sin (P_ - P ). (4.10.3) 

ro D rx cp-D x 0 D r-cp 0 r' v 


Formulas (4.10.2) and (4.10.3) determine the work program of the com¬ 
puter used for computation of the mismatch parameters of the coordinator for 
the lateral deflection, and of the remaining range channels for rocket 
guidance by the method of coincidence with the reference trajectory. 

At the output of the coordinator we obtain instrument analogs u_ and /185 

z 1 

u of the mismatch parameters A„ = -z and A_= r-n - r__ 

ro z ro -d rx 


u = u sin (p_ - p ) - u., 

z rr 0m rm Cr 


u = u- u cos (P_ - P ), 

ro r-cp rr 0m rm 


(4.10.4) 

(4.10.5) 


where u , u~, u are the instrument analogs of the ranges r , r_, 
rr 7 0 7 r-cp r-cp 7 0* 

r cp D COS (P 0 ” ’ an< ^ ^Om^ ^rm are analogs of the angles 

P 0 and P r - 


The functional diagram of one of 
for the lateral deflection channel is 


the possible designs of the computer 
shown in figure 4.21. 


The voltage u rr , proportional to the range between the rocket and the con¬ 
trol point, is fed to the sine-cosine potentiometer SCP. This potentiometer 
is designed in the form of a rectangular plate of insulating material covered 
by a semiconducting layer. The voltage u^ is applied to the opposite ends of 

the plate. Two pairs of brushes I, I' and II, II', oriented perpendicular to 
one another, are attached to the o-axis of the potentiometer. 


angle P 


The signal from the brushes I, I' is proportional to the sine of the 


0 m 


rm 


and the voltage between the brushes II, II' is proportional to 
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the cosine of this angle. The brushes are turned about the o-axis by a shaft 
connected to the differential Diff. The differential is used in forming the 
difference of the angles 3^ and p . The angle PQ m is set by the wheel W-^ 

before launching of the rocket and p rm is introduced from the angle-measuring 
channel. 

The voltage u^ sin (p^- p^) from the brushes I, I' of the sine-cosine 

potentiometer is fed to the subtracting device SD. The latter also is fed 
the voltage u^, set by the wheel W^, connected to the slide of the potentiom¬ 
eter P. The setting of the required value u^ also is accomplished before the 
rocket launching. The instrument analog of the mismatch parameter A z of /l86 

the lateral deflection channel is formed at the output of SD. A computer of 
this type can be used also for measurement of the mismatch parameter of the 
remaining range channel. 

Study of the principle of operation of an angle-measuring — range-finding 
coordinator shows that its use gives a certain tactical flexibility of the 
control system because by the use of a single ground complex of equipment, it 
is possible to guide simultaneously several rockets launched from different 
launching sites. This requires only the introduction of appropriate initial 
data into the coordinator apparatus aboard the rocket. 

The accuracy of operation of the coordinator is dependent on a whole 
series of factors. It is determined, in particular, by the accuracy of com¬ 
putation and the introduction of initial data. In addition, the accuracy of 
operation of the coordinator is influenced by instrument errors of the appara¬ 
tus forming the current values of the mismatch parameter. Finally, the 
accuracy is dependent on the errors in measurement of range and azimuth caused 
by the presence of fluctuation components in the received signal caused either 
by noise in the receivers or interference acting on the radio apparatus car¬ 
ried aboard the rocket. 
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Now we will describe the method for evaluating the accuracy of a coordina¬ 
tor, taking into account only the fluctuation components, although the final 
formulas will make it possible to draw more general conclusions on the accuracy 
of the investigated coordinator. 

In the analysis it will be assumed that interference does not change the 

transfer properties of the measuring instruments and its effect leads only to 

the appearance of additional fluctuation components in the measured angle and 

range values. Then the signal at the output of the range measurement channel 

can be written in the form: u 4 - Au , where u is the undistorted value of 

rr nr rr 

the measured range between the rocket and the control point and Auis the 

random component of the measured range caused by noise in the receiver or 
interference. The output signal of the angle-measuring channel under these 
same conditions is written as P rm = P r + Ap p . 

Due to the mentioned random components, the measured values of the mis¬ 
match parameters of the lateral deflection and remaining range channels of 
the coordinator also receive additional fluctuation components, and therefore 

can be written in the form u + Au and u ^ + Au . 

z z ro ro 

The components Au z and Au rQ are determined as 


After substituting 

equations (4.10.6) 
obtain 




&u rt 


du r 


Ml 


du -"rr 
rr 


''“ro A q 

^ Af V 


(4.10.6) 

(4.10.7) 


the values u z and u rQ from (4.10.4) and (4.10.5) into /187 
and (4.10.7) and. performing the mentioned operations, we 


A«; = sin (P 0 - P r ) A^. r - Wpjfos (p 0 - %) AB r , ( 4. 10 . 8 ) 

A«ro = - cos (p 0 - pp AUj. r - ^. r sin (p 0 - pp Ap r . (4.10. 9 ) 


We will assume that Au rr and A£ r are stationary functions of time with 

mathematical expectations equal to zero. The latter can be attributed to the 
fact that when there is a low level of interference, the electrical symmetry of 
the circuits of the measurement channels usually is not disrupted. In addi¬ 
tion, in the subsequent analysis we will apply the principle of "freezing" of 
range. This means that the determination of the statistical characteristics 
of the random functions Au z and Au will be made for determined constant 
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Figure 4.22 


values of the range between the control point and the rocket. Under the men¬ 
tioned conditions Au z and Au rQ are stationary random functions with a zero 

mathematical expectation. 

Assuming that the channels for measurement of range and angle are indepen¬ 
dent, for the spectral densities G (ou) and G (ou) of the boosting noise 

u z u ro 

voltages Au z and Au ro we obtain 


G„ t («>) = sin 2 (P 0 - G ur (o>) + <£ r cos 2 (p 0 — Pp («>). (1+. 10.10) 

G Uf # («>) = cos* (p 0 - M G ur («.) + u 2 r sin 2 (p 0 - P*) G* («)• (U. 10.11) 


Here G (<ju) and G q (iw) are the spectral densities of the random functions Au 

ur P rr 

and Aft . 

r 

Formulas (4.10.10) and (4.10.11) show that for determination of G^ (ou) and 


z 

G (©), it is necessary to know the spectral densities of the random corapo- 
ro 

sents at the output of the angle-measuring and range-finding channels. 


Since the method for determination of the spectral density of the noise 
component of the angle-measuring instrument has been presented in detail in 
chapter 3 r here we will discuss only the method for computation of the spectral 
density G^u)) of the fluctuation part of the voltage at the output of the 

automatic range finder. 


The block diagram of the earlier considered channel for measurement of 
r ^nge is shown in figure 4.22. It includes three dynamic links. The link /l88 
v ith the transfer constant k^ is for the time discriminator. The motor 

-wgether with the reducer and recording potentiometer are represented by a link 
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The third link, with the trans- 


with the transfer function W^D) = 


l M 


D(TD + l)’ 
erties of 1 

The input value to be measured is the time t^ elapsing from the time of 


fer constant k , reflects the properties of the pulse delay apparatus. 


radiation of a sounding pulse to the time of reception of a response pulse. 
This time is proportional to the range r^ . The value t^ corresponds to the 

delay time of the strobe pulses. It is proportional to the voltage u rr , deter¬ 
mining the measured range value. The difference At = t^ - t serves as a mis¬ 


match measured by the time discriminator. Therefore, the voltage at its output 
will be proportional within certain limits of the mentioned difference. 


If noise is superposed on the received signal, a random component of the 
mismatch signal u n (t) appears at the output of the time discriminator. In 

order to find u^t), it is necessary to consider the problem of the passage of 

the signal and noise through the receiving channel and the time discriminator. 
In the solution of such a problem, it is most common to find not the random 
function u^(t) itself but its spectral density G n (uu). 

In a case when the time discriminator is subjected to wide-band noise 
passing through the dc amplifier, linear rectifier and video amplifier, the 
value G (u>) is equal to (ref. 36) 


k 2 t 2 ct 2 

G (w) = (0.2-0.12) - ^ - g P- gX , (4.10.12) 

n T Tj2 <i ,2 

sp ap 

0 

where t is the duration of the strobe pulses; o^ v is the dispersion of the 

noise voltage at the input of the time discriminator; T sp is the repetition 

interval of the strobe pulses, and U is the amplitude of the pulses at the 
input of the time discriminator. 

The desired spectral density (cu) can be determined as 


GurH = I F(H I^H- 


(4 10.13) 


Here F (jut) is the frequency characteristic of the closed control system if the 
point of application of is considered the input and u rr is considered the 
output. 
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The frequency characteristic F(ji») corresponds to the transfer function 


F(Z>) = 


(D) 

r fwjpj’ 


(4.10.14) 


,_ x k TD k M k pd 
" here W(D) ' D(TD+ 1) 


is the transfer function of the open system for the auto¬ 


matic range-measuring instrument. 


After the initial spectral densities of distortions of signals at the /189 
output of the channels for measuring angle and range G ur (u>) and Gp(uu) have 

been determined, formulas (4.10.10) and (4.10.11) can be used to compute the 
spectral densities of the random components of the measured values of the mis¬ 
match parameters at the coordinator output. 


It should be noted that if an analysis of operation of the coordinator, 
taking into account the fluctuations of the received signals, is used hereafter 
for evaluation of the accuracy of the entire system for guidance of the rocket 
to the target, a knowledge of the mentioned spectral densities is adequate for 
solution of such a problem. The method for computing the rocket miss, in the 
case of known statistical characteristics of distortions of the mismatch param¬ 
eters, is presented in chapter 11. 

In addition, formulas (4.10.10) and (4.10.11) can be used for computation 
of the accuracy of only one coordinator, as an element of a control system. A 
knowledge of the errors of measurement of the mismatch parameter makes possible 
an intercomparison of coordinators of different types with respect to accuracy 
and noiseproofing. 


Now we will discuss the errors in measurement of the mismatch parameters 
of the lateral deflection and remaining range channels, characterized by the 


dispersions a,, and a. 


u ro* 

Using the known relation between spectral density G x (cju) of the random 
function x(t) and its dispersion 


0 


from (4.10.10) and (4.10.11) we find 


a l x = sin* (P 0 - P + U rr C0S * (Po “ ^ % > (4.10.15) 

= cos* (p 0 - pj) * 1 , + sin* (p 0 - p r ) o*. (4.10.16) 
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where a! 


ur 


is the dispersion of the error of the measured range value, 


and a 


2 

P 


is the dispersion of the error of the measured angle value. 


For convenience it is possible to convert from voltages characterizing 
linear deflections to linear deflections themselves. Assuming that the instru' 
ment range value u rr is related to its actual value r r _ C p by the scale factor 


k &c t ("that is, when r r _ C p = const u rr = k ac ^.r r _ C p), and assuming that the com¬ 
puter does not change the scale of range measurement, we obtain 


\ - 811,2 (P 0 - V °r + r r-cp (P 0 ' P r ) V 

°ro ' cos2 < p o - P r> 4 * 4-cp 811,2 < P 0 * P r> 4' 


(4.10.17) 

(4.10.18) 


Here , a ^ and a ^ are the dispersions of the errors of measurement of /190 

z* ro r 1 - 

lateral deflection, remaining range and distance between the rocket and control 
point, respectively, expressed in linear units. 

Formulas (4.10.17) and (4.10.18) show that for given errors in measure- 

2 2 

ment of range and azimuth, characterized by the dispersions cr; and a, the ac¬ 
curacy of determination of the mismatch parameters A z and A rQ is dependent on 
the withdrawal of the rocket from the launching point and the control point. 

We will characterize the position of the current point on the reference 
trajectory by the range r^ (fig. 4.20), that is, the withdrawal of the men¬ 
tioned point from the intersection of the perpendicular dropped from o on 

the axis o x and this axis. Figure 4.20 shows that P 

cm 


r' = r cos (P - B ). 
rx r- cp Or 


Therefore, 


(r 1 

co S 2 (B 0 - B r ) = 4P-, 

r r-cp 

r 2 - (r' ) 2 
sin 2 - S ) = ^ . 


r-cp 


(4.10.19) 


(4.10.20) 


206 


Digitized by LjOOQle 



Substituting (4.10.19) and (4.10.20) into (4.10.17) and (4.10.18), and also 

p 

taking into account that for points of the reference trajectory r r _ C p = 

(r' + r^, we obtain 

rx 0 ’ 


= *+ii.r* +l *** 

(4.10.21) 


(4.10.22) 

r f 



We iutroduce the relative range a = -.and we will characterize the 

r 0 

dispersion of-errors of the angle-measuring channel by the value 

(°p) 2==r o 3 p- (4.10.23) 


Then, for the mean square errors of measurement of lateral deflection and 
remaining range we will have 


'.= Vnhr.'*. 


= V rf? «? + <«;>' ■ 


(4.10.24) 

(4.10.25) 


Analysis of formulas (4.10.24) and (4.10.25) shows that the errors in /191 
measurement of the mismatch parameters will be minimal and equal to 


a z min a r> 

a . = a '. 

ro mm p 

-t the point A of the reference trajectory, when a e 0. 

With withdrawal from this point the errors of measurement of A z and A ro 
increase, and the error in measurement of lateral deflection increases most. 
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4.11. Coordinators Based on the Use of Range-Finding 
Radio Navigation Apparatus 

When a range-finding navigation system is used, the position of the rocket 
is determined by measurement of the distances between it and two ground points 
whose coordinates are determined with a high accuracy. On the basis of such a 
system, it is possible to design a coordinator for measurement of the mismatch 
parameter for rocket guidance along a fixed trajectory. 

The ground complex for such a coordinator consists of two stations situ¬ 
ated at points A and B (fig. 4.23), each of which contains an antenna sys- /192 
tem, an interrogation signal receiver and a responder. 

The apparatus carried aboard the rocket (fig. 4.24) usually includes an 
interrogation signal transmitter Tr, controlled by a synchronizer, a receiver 
Rec, two range measurement channels and a computer Com. 

In pulse range-finding systems, the distances r^ and r B are measured from 

the delay of the response signals received by the rocket from the stations A 
and B in relation to the time of radiation of the interrogation pulse. 

We will assume that the mismatch parameters (lateral deflection and 
remaining range) are measured in the coordinate system o c x m z m , whose axis o c x m 

coincides with the launching point-target line (fig. 4.23). 
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The values which are known before the launching of the rocket are: 
distance between stations r^ (system base), distances from each of the stations 

to the launching point o c and the point of transition of the rocket into a dive 

D, and also the angles characterizing the relative position of the ground sta¬ 
tion, launching point and the point of transition of the rocket into a dive. 

The ranges r^ and r^ are measured during the guidance. 

The problem of determining the mismatch parameters for the lateral deflec¬ 
tion and remaining range channels, in the case of a coordinator of the range¬ 
finding type, is solved ambiguously, that is, several varieties of the for¬ 
mulas relating A z and A ro with the known and measured values can be proposed. 

For this reason we will cite only one of the possible variants of the mismatch 
equations, when they are essentially the same as the equations for a coordina¬ 
tor of the angle-measuring— range-finding type. 

If the angle is expressed through known and measured values, it is /193 

possible to write expressions for lateral deflection and remaining range in the 
form (4.10.2) and (4.10.3). 

From figure 4.23 we find 


P r = e B - ^ RAB, 


(4.11.1) 


vhere Pg is the angle characterizing the position of station B. Since one side 

of the triangle RAB is known and the other two are measured during the guidance 
process, it is possible to determine any of its angles. In particular. 
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(4.11.2) 


Z. RAB = 2 arc tan ——, 

p " r b 

where 

P=4' (rA + rB + ; b^ : 

r= l/ (A-^)(f-^)(p-r b ) 

' P 

In accordance with (4.10.2) and (4.10.3) the mismatch parameters of the 
lateral deflection and remaining range channels A z and A ro of a range-finding 
coordinator can be written in the form 


(4.11.3) 

(4.11.4) 


A z sin (Po Pp) ^ad s ^(Po Pd)» 


(4.11.5) 


A r0 = r D — 'r* = r ADCOs(p 0 — pp) — r A cos (P^ — p^. (4.11.6) 


When a computer is used for performing operations in accordance with for¬ 
mulas (4.11.1)-(4.11.6), a coordinator of the range-finding type makes pos¬ 
sible simultaneous guidance of several rockets, from different launching 
apparatus, along orthodromic trajectories situated arbitrarily relative to 
the base line AB. However, the structure of such a computer is extremely 
complex. 

It is possible to simplify the structure of the computer of a coordinator 
of the range-finding type only by a restriction of the tactical possibilities 
of using the rockets. For example, the structure of the computer is quite 
simple when a rocket is guided along an orthodromic trajectory passing through 
the center of the base, along the normal to it or along a circular trajectory. 

Figure 4.25 shows the location of the ground stations A and B, the rocket 
R and the point of transition of the rocket into a dive D, corresponding to 
the condition of rocket flight along the straight line o c x m . The trajectory 

line divides the segment AB in half. The launching apparatus is situated at 
the point of intersection of the trajectory line with the segment AB, although 
in some cases it can be displaced forward or backward along the trajectory 
line relative to the point of intersection. 


If r^ « r p , which frequently is actually the case, and the deflec¬ 



tions of the rocket from the reference trajectory are small, the angle is 
determined using the following approximate equation 



(4.11.7) 
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Figure 4.25 


Since in the case of small mismatch angles 


z»r e„ 
r 

on the rocket, it is easy to obtain the instrument analog of the mismatch 
parameter of the lateral deflection channel. We will have 





(4.11.8) 


The values of the ranges r^ and r^ are measured by the coordinator apparatus 

carried aboard the rocket, the value r^ is given and r r usually is stipulated 

by a programming mechanism. In the case of small z, it can be assumed that 
r r ** r rx* l ^ ien the mismatch parameter of the remaining range channel can be 

expressed by the formula 






(4.11.9) 


Analysis of formulas (4.11.8) and (4.11.9) shows that for the considered 
case of use of a range-finding coordinator the structure of the computer is 
relatively simple. However, such a method for the use of a coordinator /195 
of the range-finding type limits the tactical flexibility of the guidance 
system, since it requires changes of the position of the ground stations for 
each new target. 
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Figure 4.26 shows the location of the ground stations A and B, the rocket 
R and the point of transition of the rocket into a dive D, for rocket guidance 
along a circular trajectory. After launching at the point o c , the rocket goes 

into a reference trajectory (point M), passing through the target and consti¬ 
tuting the arc of a circle whose center is one of the surface stations (in the 
considered example, the station A). The lateral deflection of the rocket from 
a reference trajectory (or, in the language of navigation, drift of the 
rocket from orbit) is determined by a comparison of the given range value r^ 

with the distance r^ measured on the rocket. The approach of the rocket to 

the target is determined from the signals of the second ground station (sta¬ 
tion B). When the distance r^ becomes equal to the stipulated range r , a 

•D BO 

signal should be formed on the rocket for its transition into a dive. 

Thus, it is easy to obtain on the rocket instrument analogs of the mis¬ 
match parameters, expressed by the formulas 

(4.11.10) 

(4.11.11) 


A* r ao r A , 
Aro = rB 0 • 


The structure of the computer forming the mismatch parameters on the basis of 
formulas (4.11.10) and (4.11.11) is extremely simple. 


4.12. Coordinators Based on the Use of Add-Subtract— 

Range-Finding Radio Navigation Apparatus 

A coordinator of the add-subtract—range-finding type can be designed on 
the basis of an add-subtract—range-finding or hyperbolic navigation system. 
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R 



Figure 4.27 


As is well known, such a system consists of two pairs of ground stations 
and ( fi 6- 27) and apparatus carried on the moving object R, whose 

tion is determined. 

Each pair of ground stations, operating synchronously, radiates pulses /196 
with a stable repetition frequency. By use of apparatus carried on the 
moving object and consisting of a receiver and a computer, these pulses are 
received and the time difference between the arrival of the pulses from one 
pair of stations At^ and the other is measured. The time difference of re¬ 
ceipt of the pulses obviously will be proportional to the corresponding dis¬ 
tance differences Ar^ = r^ - r B1 and Ar 2 = r^ - t -q2’ 

Since the lines of constant distance differences to the two points on the 
plane represent a family of hyperbolas, the position of the object in an add- 
subtract— range-finding radio navigation system is determined as the point of 
intersection of two hyperbolas a and b, each of which corresponds to the meas¬ 
ured value of the difference of distances. 

The functional diagram of the coordinator designed on the basis of an add- 
subtract — range-finding radio navigation system is shown in figure 4.28. Each 
of the ground stations contains a synchronizer, transmitter, receiver and 
antenna system. The matching of the operation of the two stations forming the 
pair is possible by having one of them, called the master station, control the 
operation of the other, the controlled station. The transmitter of the master 
station radiates pulses whose pulse frequency is stabilized rigorously by a 
synchronizer. These pulses are received by the receiver aboard the rocket and 
by the receiver of the controlled station. The transmitter of the controlled 
station reradiates the received signals, and they are also sent to the re¬ 
ceiver aboard the rocket. Since each of the stations of one pair can be both 
a master and a controlled station, their apparatus is completely identical. 


* 1*1 

posi- 
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Figure 4.28 


In the coordinator, there should be provision for the separation of 
the signals of the master and controlled stations aboard the rocket. This is 
done by introducing an additional delay of the pulses radiated by the master 
station, or the signals of each station are marked with their time code. 

The second pair of stations Ag, B^ operates in the same way. The carrier 

frequency f^ of these stations differs from the carrier frequency f^ of the 

first pair of stations, which makes it possible to discriminate their signals 
at the receiving end. 

The apparatus aboard the rocket contains two receivers, one of which /197 
(the receiver A-jB-^) receives the signals of the stations A^ and B^, while 

the other (the receiver A^B^) receives the signals of the stations A^ and 

and the computer Com makes the required conversions of the received signals. 

The form of the mismatch parameter which should be produced when using a 
coordinator of the add-subtract — range-finding type and therefore the struc¬ 
ture of the computer are determined by the form of the stipulated reference 
trajectory. It can be shown that, if an orthodrome oriented arbitrarily rela¬ 
tive to the ground stations is used as a reference trajectory, the structure 
of the computer in the rocket apparatus is extremely complex. The computer 
will be relatively simple in a case when the reference trajectory is one of 
the hyperbolas. In actuality, using for example one of the hyperbolas of the 
stations A^ and B^ as the reference trajectory, with sufficient withdrawal 
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of the rocket from the base A^B^, we obtain the following expression for the 
mismatch parameter of the lateral deflection channel (ref. 11) 

= T-^T U r Ai - 'b,)o - (/-Ai - r B1 )J. (4.12.1) 

bl 

fere r^r is the distance from the center of the base to the rocket, stipulated 
by the program, r b ^ is the base length, P a is the angle between the asymptote 
of the selected hyperbola and the base line, (r - r )^ is the differ- /198 
ence in distances determining the selected hyperbola, and (r^ - r ) is the 
current difference in distances measured on the rocket. 

When a rocket is guided along a so-called "zero" hyperbola (a straight 
line perpendicular to the base and intersecting the base at its center), for 
which (r^ - = 0 and sin 0 a = 1, formula (4.12.1) coincides with (4.11.8). 

The signals of the second pair of stations are used in forming the mis¬ 
match parameter of the remaining range channel. The mismatch parameter of the 
remaining range channel in this case is written in the form 


Aro—(^A2 ^2)0 (^A2 ^B2)> 


(4.12.2) 


where (r ^ - r )q •*' s difference of distances corresponding to a hyperbola 
passing through the point of transition of the rocket into a dive. 

Consequently, the command for transition of the rocket into a dive will be 
formed when the rocket intersects a particular hyperbola. 

The inevitable curvature of the trajectory is a shortcoming of rocket 
widance along a hyperbolic trajectory. However, by the use of a relatively 
simple computer, it is possible to ensure rocket guidance by using a coordina¬ 
tor of the add-subtract—range-finding type along a trajectory close to ortho¬ 
dromic. This requires selection of a definite law in conformity to which the 
recket will intersect both families of hyperbolas. For example, as such a law 
it is possible to use the law of equal increments, whose essence is as follows 
(ref. 3). Assume the distance difference at the initial guidance point for the 
first pair of stations will be Ar^ = ( r Ai “ ^l^i* an< ^ *’ or secon d pair of 

stations Ar^ = (r^,, ~ r B2^i* " tar S e ' t ^ these differences will be equal 

t0Ar tl = (r Al * r Bl ) t and Ar t2 = (r A2 " r B2 } t^ respectively. 
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Pulse selector B n 


Figure 4.29 


We write the ratio 


Arfa—Aq, 

Ar-t, — 


= A. 


(4.12.3) 


It is obvious that b will be a constant, dependent on the relative position of 
the initial guidance point, target and ground stations. 

Using the law of equal ratios, the reference trajectory is stipulated in 
such a way that a ratio similar to (4.12.3), written for the current values of 
the distance differences Ar^ and A^ in the case of rocket motion along a 

reference trajectory, will remain constant and equal to b. The reference 
trajectory stipulated in this way will be close to an orthodrome and sometimes 
is called a hyperbolodrome. 

With such a stipulation of the reference trajectory the mismatch /199 

parameter characterizing lateral deflection can be represented in the form 

A» = (A/-! - A^,) - b (Ar 2 - Ar i2 ). (4.12.4) 


where Ar^ and Ar^ are the current values of the distance differences measured 
on the rocket. 

The signals of any one pair of stations can be used for determination of 
the time of transition of the rocket into a dive. The mismatch parameter of 
the remaining range channel will be represented by a formula similar to 
(4.12.2). 

As an example of the design of a computer for the coordinator of the 
add-subtract—range-finding type, we will describe one of the possible variants 
of the computer of the lateral deflection channel for rocket guidance along 
one of the hyperbolas when its structure is determined by equation (4.12.1). 

The functional diagram of such a computer is shown in figure 4.29. 
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The master station A radiates a pulse signal with a repetition interval 
(fig. 4.30a). The time of radiation of the signal of the master station B 

T i 

is delayed by the time — ± At^ relative to the time of appearance of the /200 
pulses of station A (fig. 4.30b). Here At^ is the time difference in the re¬ 
ceipt of the pulses of stations A and B on the rocket during its flight along 
an earlier stipulated hyperbola, used as the reference trajectory. This dif¬ 
ference is determined using the formula 

At =^ A, ~ rBl) ° . (4.12.5) 

d « 

where (r - r ) is the distance difference, determining the selected hyper- 
A1 B1 0 

tola, and c is the velocity of radio wave propagation. 

The sign of At^ will be positive if the reference hyperbola is situated 

to the right of the zero hyperbola and negative if it is situated to the left. 

For satisfaction of the mentioned relations between the times of radia¬ 
tion of the stations A and B, the signal received from station A at the master 
station is delayed by the value 

< a = '5 !_ ^± 4 ’a' (4.12.6) 

Here t^ is the time required for propagation of the radio waves the distance 

V 
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The signals received from the output of the receiver are fed to the 

pulse selectors A^ and B^. The pulse selector A^ passes only the signals of 

station A^, and the pulse selector B^ the signals of station B^. The circuits 

of the selectors are determined by those qualitative criteria of the signals 
which are used as the basis for their discrimination. 


The times of appearance of the signals relative to the times of their 
radiation are dependent on the position of the rocket and are equal to t^ = 

-£i, t-, = _!i (fig. 4.30c, d), respectively. 

C " c 

The output pulses of the selectors activate a trigger. The temporal volt¬ 
age diagram at the trigger output is shown in figure 4.30e. The low-frequency 
filter following the trigger separates the constant voltage from the bipolar 
pulses. The constant voltage is 



r, + r, ' 


(4.12.7) 


where U m is the voltage amplitude at the output of the trigger, and T^ and T^ 
are the durations of the negative and positive voltage‘drops of the trigger. 

In the derivation of formula (4.12.7) it was assumed'that the transfer 
coefficient of the filter for the constant component is equal to unity. 

It is easy to determine the values T^ and T^ by using the temporal H2 i 

diagrams in figure 4.30. We have 


T \ — ± A t ,3 — *a + *b. 

T 2 == -2 t A* ( j+ ^b- 


(4.12.8) 


Then for the constant component of voltage at the output of the filter, 
we obtain 





( 4 . 12 . 9 ) 


where At = t - t is the actual value of the difference in the time of 
1 A B 

arrival of the pulses of the stations A and B. The ± sign in front of At= 

a 

in formula (4.12.9) is of an arbitrary character, indicating whether the 
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particular hyperbola is to the right or left of the zero hyperbola; therefore, 
hereafter it will be omitted and as the voltage u^., we will have 


u f =2 U m At y • (4.12.10) 

The next component in the functional diagram of the computer will be a 

range potentiometer, which is used for introducing the programmed range value 

r entering into formula (4.12.1). 
pr 

The signal at the range potentiometer output will be 


u ,, = k ,^r u_. 

poto potd pr f 


(4.12.11) 


Due to the introduction of the range potentiometer, the coordinator acquires a 
constant sensitivity in relation to the linear deflection of the rocket for 
the entire range of its flight. If there is no range potentiometer, the sen¬ 
sitivity of the coordinator with respect to linear deflection decreases with 
an increase of range. 

The output stage of the computer is an amplifier with an adjustable am¬ 
plification factor k . This coefficient changes inversely proportional to 

the product of the base r and the sine of the angle 0 a , that is 


k aa 


aa 


r bl sin P a’ 


(4.12.12) 


vhere k* is the value of the amplification factor for a base of one kilometer 
aa “ 

and an angle 0 = —. 

a 2 

The introduction of an amplifier with an adjustable amplification makes 
it possible to maintain constant sensitivity of the coordinator with a change 
of the value of the base - of the system and with a change of reference hyper¬ 
bolas. The required amplification is set manually when preparing the /20 

rocket for launching. The the voltage u z at the output of the computer is 
expressed by the formula 


u z = ^aa^otd* 


(4.12.13) 


3y combining formulas (4.12.9)-(4.12.13), we obtain 


219 


Digitized by LjOOQle 



(4.12.14) 


2U k ...k' r 
u - m P°^Q aa 1 


~ m f° ta ,a pr (At. - A,.). 
T i r bl SI " h 


It follows from (4.12.14) that when At^ = At^, the voltage at the output 

of the computer will be equal to zero. With an increase or decrease in the dif¬ 
ference of the arrival time of the pulses from stations and in comparison 

with the value At., the output voltage u will change both in value and sign. 

U. Z 


Since 


^ _(^Al r Bl)o 


__ r Al r Bi 

AT,--- 


expression (4.12.14) is reduced to the form 


^m^potd^aa r pr r / /_ _ \n 

Uz " T. c r M sin p [(r Al " r Bl } 0 ’ (r Al " r Bl )] * 

1 D 1 ci 


(4.12.15) 


If relation (4.12.1) is used, we obtain 


n^potd^aa ^ 


(4.12.16) 


Formula (4.12.16) establishes the relationship between the actual value of the 
mismatch parameter A of the lateral deflection channel and its measured value 

u z- 

After introducing the concept of the transfer coefficient of the coordina¬ 
tor for lateral deflection, which is equal to 


^m^potd^aa 


(4.12.17) 


we obtain from (4.12.16) 


«r =Mr 


(4.12.18) 


Digitized by 


Google 



In completing the description of the functional diagram of the computer 
for a coordinator of the add-subtract— range-finding type, we note that in 
addition to the mentioned regulation of amplification of the channel for meas¬ 
urement of lateral deflection, there should be provision for at least one 
other regulation involving a setting of the balance of the output stages of the 
computer. This regulation makes it possible to obtain a zero voltage at the 
computer output, if the time difference in the arrival of pulses from the /203 
stations A^ and B-^ is equal to zero. 

The computer for the remaining range channel has much in common with the 
computer discussed above for the lateral deflection channel and it therefore 
vill not be described here. 


Now we will discuss the method used for evaluation of the accuracy of a 
coordinator of the add-subtract— range-finding type. As before, we will deter¬ 
mine the statistical characteristics of the distortions of the measured value 
of the mismatch parameter caused by the instrument noise of the receiving 
apparatus of the rocket or noise interference. 


We will assume that the level of noise interference is quite low and does 
not cause a change in the transfer properties of the coordinator. Then an 
allowance for the fluctuation components in the received signal leads to the 
appearance of an additional random component in the output voltage of the coor¬ 
dinator which, in this case, can be represented in the form u z + Au^. The 

appearance of Au z in the output voltage can be attributed to the fact that, 

under the influence of the noise, there is fluctuation of the times of forma¬ 
tion of the received pulses and their durations. Therefore, the arrival times 

of the pulses from stations A n and B-, will be equal to t + At and t + At . 

-L -L AJL A B1 B 

tfe will assume that At and At represent stationary random functions with 

mathematical expectations equal to zero. The latter assertion is based on the 
fact that, in the case of small levels of fluctuations, positive and negative 
displacements of the times of formation of the pulses will be equiprobable. 

Since the mathematical expectations of the functions At^ and At^ are equal to 

zero, the mathematical expectation of the random component of the output volt¬ 
age of the coordinator also will be equal to zero, that is, Au z = 0. 

In the further analysis, it will be assumed that the distance between the 
rocket and stations A^ and B^ does not change and r = const, that is, the 

principle of "freezing" of the coefficients is applicable. 


The spectral density of the random component of the output voltage at the 

output of the coordinator G A (uu) will be equal to 

Au„ 


G 4Uj W=C7 b (o,)|Wf' l (/a.)| 8 . 


(4.12.19) 
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where ^(tu) is the spectral density of the bipolar pulses at the output of the 

trigger, caused by fluctuations of the times of formation of the received 
pulses; WjCjcu) is the frequency characteristic of the linear part of the coor¬ 
dinator from the filter to its output. 

Since hereafter we will be concerned only with the components of the spec¬ 
trum of fluctuations of the output voltage close to the zero frequency, in place 
of (4.12.19) we write 


<x(0)=*;<? b (0). 


(4.12.20) 


Here k^ is the transfer coefficient of the linear part of the coordinator /2Q4 
equal to 


k 


l 


^potd^aa r pr 
r bl sin ^a ' 


(4.12.21) 


The spectral density G^(0) was determined in section 8.3. It is expressed 
by the formula 

Q rfi 

a ( 0) = + «? B ). (4.12.22) 

p p 

where a+ and a. are the dispersions of the fluctuations of the times of ap- 

pearance of the received pulses At^ and At^, 

2 2 2 

We will assume that cr+. = a+ . The value cr , whose method of determina- 

t A t B t A 

tion was given in section 8.5, is 

°'A = vh r ’ (4.12.23) 

p ew 

where is the ratio of the pulse power of the signal to the effective 
strength of the noise, recalculated to the input of the receiver; Af^ is the 
effective width of the passband of the intermediate frequency amplifier. 

After combining formulas (4.12.20)-(4.12.23), we obtain 
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(4.12.24) 


G>„J0 ) = 




A knowledge of the spectral density of fluctuations at the output of the coor¬ 
dinator makes it possible later, during analysis of the entire control circuit, 
to determine the errors in rocket guidance. 

' In addition, using formula (4.12.24), it is possible to compute the errors 

j of the coordinator itself, caused by the noise effect. We will estimate the 
coordinator error caused by dispersion of the fluctuation component of the out¬ 


put voltage a equal to 
Au~ 


AII, 


= Kaffir 




ew 


(4.12.25) 


Here AF g is the effective passband of the coordinator filter. 

The error in measurement of lateral deflection also can be expressed in 
linear values, much as was done for the coordinators of the angle-measuring — 
range-finding type. This requires use of relation (4.12.18), establishing a 
relationship between the measured and actual values of the mismatch parameter. 
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CHAPTER 5. COORDINATORS OF COMMAND CONTROL SYSTEMS. 
COMMAND FORMING APPARATUS 


5.1. Principles of Design and Principal Types of 
Coordinators of Command Control Systems 

In the process of rocket guidance using command control systems, the /20^ 
control point should have data making it possible to determine the degree 
of disruption of the coherence imposed on the rocket motion. These data, used 
in producing the mismatch parameter A m , are obtained using the measurement 

instruments in the coordinator. On the basis of the A^ signals forming at the 

output of the coordinator, the operator (in nonautomatic or semiautomatic con¬ 
trol systems) or a computer (in automatic control systems) produces commands 
which are transmitted to the rocket for its return to the reference (kinematic) 
trajectory. 

In a general case, the coordinator of the command control system consists 
of one or more angle-measuring and range-finding instruments and instruments 
for measuring the velocities of motion of the rocket and target. In addition, 
the coordinator has a computer and sometimes electronic instruments for the 
radio transmission of the measurement results (relay system) of the rocket 
coordinates to the control point. 

Two types of coordinators can be distinguished. In coordinators of the 
first type, all the measurements are made relative to the control point or 
points situated near it; however, in the case of coordinators of the second 
type, the origin of the measurement coordinate system is situated on the rocket. 

Coordinators of the first type can be both automatic and nonautomatic. In 
automatic coordinators, the output signals of the measurement instruments rep¬ 
resent a voltage or a current in a form convenient for producing the mismatch 
parameter A m in the computer and its conversion into a control command /206 

without human participation. In nonautomatic coordinators, the parameter A m is 

produced in a form which is unsuitable for the conversion of A m into a command 

without human participation. Nonautomatic coordinators are constructed using 
optical or radar sights. 

Coordinators of the second type are nonautomatic because otherwise it is 
possible to construct an automatic homing system. They determine the position 
of a target relative to the rocket in a related or moving coordinate system. 
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and can be used in those cases when the targets to be attacked stand out 
inadequately against the surrounding background so that automatic apparatus 
cannot operate reliably. Such targets usually are on the Earth's surface. 

In coordinators of the first type, the measurement instruments usually 
produce signals characterizing the distances r, and r from the control point 

u r 

C to the target T and also the angles and in an earlier selected coor¬ 
dinate system. Sometimes it is also necessary to know the velocities of motion 
of the target and rocket in relation to the control point. 

Measurement coordinate systems coinciding with a ground system or forming 
certain angles with it (so-called oblique coordinate systems ° 0 b x 0 b^ob Z ob^ are 

selected for the operation of measurement instruments on the ground. The lat¬ 
ter type of coordinate systems often is used in radar sighting, making possible 
measurement of slant ranges to the target and rocket and also their azimuths 
and angles of inclination (places). Since rockets usually have a small reflect¬ 
ing surface, in order to obtain a sufficient radar contrast they carry a radar 
responder (a receiving-transmitting apparatus) or an autonomously operating 
radio transmitter. 

The data obtained from the measurement apparatus are fed to a computer 
where the measured value of the mismatch parameter for the selected guidance 
method is produced. In accordance with the possible values subject to measure¬ 
ment, coordinators of the first type make it possible to employ different 
three-point methods of rocket guidance. 

It follows from the mismatch equations cited in chapter 2 for three-point 
guidance methods that the output signal of a coordinator of the first type 
should characterize the linear or angular deflection of the center of mass of 
a rocket from the reference trajectory. 

Measurement apparatus of coordinators of the first type can be placed at 
the control point or away from it. In all cases, this apparatus is at the con¬ 
trol point in the case of guidance of rockets from aircraft, ships and other 
types of rocket carriers. In the case of rocket guidance from the ground, the 
measurement apparatus frequently is situated away from the control point. 

Under these conditions, the coordinators include not only measurement /207 

instruments and computers, but also one or a large number of systems for 
transmission of data (relay systems). 

The principle of design of coordinators of the second type is as follows. 
The measurement apparatus carried aboard the rocket produces a signal reflect¬ 
ing the angular position of the vector r, connecting the target T with the cen¬ 
ter of mass of the rocket o r , in relation to the longitudinal axis of the 

rocket o x, , the vector of its air velocity v or some fixed direction ox 

r 1' r er 

in space (fig. 5*l a )* 
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To obtain the measured value of the mismatch parameter A m at the control 

point, it is necessary that the control point receive both the signals ar¬ 
riving at the measuring instrument from the target and the signals character¬ 
izing the direction of the axes of the measurement coordinate system. The 
coordinator therefore should include a relay system. 

The directions of the straight lines o x.,, ox and ox . in relation to 

o r 1' r r er' 

which the angles y, q and e are measured, are transmitted most easily by radio 
signals characterizing the position of the axes o^y^, o r z j> o^y, ° r z or 

°r^er’ °r Z er’ decoding of the signals of the relay system makes it pos¬ 

sible to obtain on the indicator (a cathode-ray tube or optical system) the 
image of the target and an intersection. With appropriate calibration of the 
indicator, the operator in charge of the rocket guidance is able to measure 
the angles of deflection of the target in two mutually perpendicular control 
planes. As an example, figure 5*lb shows a simplified image of the target T 
and an intersection characterizing the position of the related axes of the 
rocket o^y^ and ° r z ^* Using the projections of the point T onto the axes 

o^y^ and ° r z ^> it is possible to find the components y^. and y z of the vector y 

corresponding to the angle y in figure 5•la and guide the rocket by the direct 
method. 

Since the measurement apparatus of coordinators of the second type /208 

makes it possible to measure the mismatch parameter characterizing the 
degree of disruption of coherence imposed on the position of the rocket axis 
o^x^ or the vector v, command control systems with such coordinators make it 

possible to employ two-point guidance methods. 
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Using coordinators of the second type, an operator can make a high- 
quality selection of targets at the control point. This can be attributed to 
the fact that a man is capable of distinguishing an image on radar set scopes, 
television sets, etc., more precisely and can react better to various pecu¬ 
liarities of the target than any of the modern automatic apparatus devised. 

It also must be remembered that the conditions for observation of a target 
with coordinators of the second type improve with approach of the target to it, 
and it is possible to guide a rocket beyond the limits of radar visibility of 
the target from the control point (as long as radio communication with the 
rocket is maintained). However, the absence of automation in coordinators of 
the second type set6 a considerable limitation on the area of their applica¬ 
bility during the guidance of rockets toward rapidly moving targets. 

It follows from the considered principles of design of coordinators of 
the first and second types that, in the first, the conditions for control of 
the position of the center of mass of the rocket deteriorate during its with¬ 
drawal from the control point. However, the relative simplicity of automation 
of these coordinators and the need for only relatively simple radio apparatus 
aboard the rocket make them extremely desirable for command control systems. 


5.2. General Functional Diagrams of Coordinators 
of Command Control Systems 

A coordinator of the first type, whose general functional diagram is shown 
in figure 5.2, consists of instruments for measurement of the coordinates of 
the target and rocket, forming a sighting apparatus, and systems for the 
transmission of data (in some cases these systems can be absent). In addition, 
a coordinator includes a computer and a radar responder (or an autonomously 
operating transmitter) on the rocket, which in figure 5-2 has been arbitrarily 
grouped with the sighting apparatus. 



Figure 5-2 
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Figure 5-3 


The computer calculates the mismatch parameter in accordance with the 
selected guidance method; in figure 5*2 this has been represented conventional¬ 
ly by the notation "guidance method." 

The specific form of the functional diagram of the coordinator is deter¬ 
mined by the rocket guidance method used and the type of measuring apparatus 
employed. 

We note that in coordinators of the first type the apparatus for measure¬ 
ment of the coordinates of the target will be absent if the rocket is guided 
to a fixed target. In this case the coordinates are introduced into the 
computer in advance. 

Figure 5*3 shows the general functional diagram of a coordinator of /209 

the second type. Information on the target can be fed to the sighting 
apparatus in the form of light, thermal or radar signals characterizing the 
region in which the target is situated. 

The sighting apparatus of the coordinator includes a converter which has 
a sensing element and a scanning system and also an apparatus for shaping 
signals for representing the measurement coordinate system. 

The sensing element (camera tube with an optic, radar receiver with an 
antenna, etc.) senses the energy incident upon it and the scanning system makes 
a component-by-component study of the target region. The electrical voltage or 
current at the output of the converter is fed to a summation apparatus E, which 
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also receives signals from a coder connected to the apparatus for producing the 
measurement coordinate system signals. The latter, in the case of rocket /210 
guidance by the vane or direct methods, produces voltage pulses repre¬ 
senting the axes o y n , o z_ or ox, o z (fig. 5*1)• For example, if a radar 
r 1 r 1 r r 

sighting device is used in a coordinator, these pulses are produced at those 
tines when the antenna directional diagram passes along the corresponding coor¬ 
dinate axes. In order to detect the signals characterizing the coordinate meas¬ 
urement system at the control point, the signals are coded in a coder. 

The resultant signal is fed to the radio transmitter Tr, relayed to the 
control point and then received by the receiver Rec. From there, the decoder, 
on the basis of the given code criteria, detects the signals of the measure¬ 
ment coordinate system. They are used to control the indicator so that the 
scanning in the converter on the rocket and the scanning of the light or elec¬ 
tron beam in the indicator will be synchronized. The coder, decoder, adder, 
transmitter and receiver make up the data transmission system. 

The image of the region of the target and the intersection characterizing 

the transmitted axes of the coordinate system, produced on the indicator 

(either of the cathode ray or optical type), make it possible for the operator 

to determine the mismatch parameter A . 

m 


5-3. Sighting Apparatus of Coordinators 

1. Sighting Apparatus of Coordinators of the First Type 

Coordinators of the first type use optical, radar and radio navigation 
sighting apparatus. 

An optical sighting apparatus, located at a control point without any ad¬ 
ditional apparatus, makes it possible to measure the angles e-j_y and e^ z (see 
chapter 2). 

When the necessary visibility is present, optical sighting apparatus is 
characterized by a high resolving power, absolute concealment and maximum sim- 
pliticity of design. Together with the mentioned merits, the optical sighting 
method has the following shortcomings: 

(1) a short sighting range, due to conditions of geometrical visibility; 

(2) dependence of the operation of the sighting system on meteorological 
conditions and time of day; 

(3) low noise immunity (sighting becomes impossible, for example, when 
screens are used). 

Radar sighting apparatus can be automatic and nonautomatic. Automatic 
apparatus is used in most cases. Automatic and nonautomatic sighting apparatus 


229 


Digitized by LjOOQle 





Figure 5-4 


in turn can be divided into two classes. Sighting apparatus of the first class 
is characterized by the fact that one radar set can determine the coordinates 
of only one rocket or target. The radar set of a sighting apparatus of /211 
the second type can measure simultaneously the coordinates of several 
rockets and several targets in specific sectors of inclination angle and 
azimuth. 

Radar sets both with an integral equisignal direction (with conical scan¬ 
ning) and with an instantaneous equisignal direction can be used as sighting 
apparatus of the first type. The equations characterizing the operation of the 
angle-measuring channels of such sets were discussed in chapter 3« 

A shortcoming of radar sighting apparatus of the first type is that 
despite relatively complex equipment (two radars), it is possible to guide 
only one rocket to one target. 

Measurement of coordinates by sighting apparatus of the second type is 

based on the so-called group method. Radar sets operating by the group method 

usually have two antennas for use in progressive scanning of space in oblique 

and azimuthal planes. The beams of these antennas, narrow in the planes of 

motion, oscillate within the limits of set sectors in a sawtooth regime (fig. 

5.4). As a result, the angle e of deflection of the maximum of the direc- 

a 

tional diagram from its initial (zero) position changes as shown in figure 5-4b 
(for one of the target observation planes). We note that the angle e in 
figure 5.4 represents the sector scanned. 

Since the channels for measurement of azimuth and inclination angle are 
identical, hereafter we will discuss only one channel. During the time of 
irradiation of the target (rocket), a group of pulses reaches the radar set 
receiver from the target (rocket); the number of pulses is 


N = - 

P Q, 


‘OSC 


V 
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where 0^ is the width of the directional diagram of the antenna at half-power, 

Q is the angular velocity of oscillation of the antenna beam, and F is the 
osc P 

frequency of the sounding pulses. 


In a case when there is one target in the scanned sector (later for /212 

unambiguity, we will discuss the method of determination of the coordinates 
of the target), the signals forming at the output of the radio receiver, in the 
"voltage-time” and ”voltage-angle of deflection of the antenna e ” coordinate 


systems in one scanning period, have the form shown in figure 5«5 a and figure 

5.5b. 


We note that, as the origin of the coordinate systems, we use the range 
to the target corresponding to the time of radiation of the sounding pulse and 
the initial position of the antenna beam. The form of the group in figure 
5.5b and the difference in the amplitudes of the pulses shown in figure 5«5 a 
are determined by the form of the directional diagram of the antenna and the 
plane of movement of the beam. 

It follows directly from an inspection of the character of the signals 
forming at the output of the radar set that they contain data necessary for 
determination of the range r^ to the target and its angular coordinate 

The distance to the target can be found by measurement of the time t 

(fig. 5»5 a ) characterizing the position of the reflected pulses in relation 
to the sounding pulse, and the angular coordinates can be determined from the 
position of the center of the group on the angles scale (fig. 5-5b) relative 
to the origin of the scanning sector. 

Automatic determination of the mentioned coordinates can be accomplished 
using closed systems of automatic control. In the system determining range, 
as in an ordinary automatic range finder, there is production of gating pulses 
automatically tracking the center of the video pulses forming at the output of 
the receiver. Automatic systems for determination of the angular coordinate 
produce gating pulses tracking the energy center of the group of received 
pulses. It follows that, when using the group method, systems essentially for 
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Synchronizing pulses 
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Figure 5-6 


automatic determination of angular coordinates are close to the automatic range 
finders considered earlier. 

The functional diagram of one of the possible automatic instruments for 
measurement of the angular coordinate is shown in figure *5.6a (ref. 62 ). 

The voltage u g (t) is fed from the output of the radio receiver in the form 

of groups (fig. 5.6b) to a time discriminator which also receives strobe pulses 
u str (^8- 5-6c). The time discriminator operates in such a way that the /213 

increment of its output voltage is equal to zero if each of two selector pulses 
overlaps an identical area of the group. In such cases when the pulse 1 (fig. 
5.6c) coincides with a lesser area of the group (fig. 5«6b), the mismatch 
voltage formed by the time discriminator becomes negative. If the axis of the 
selector pulses is displaced to the right in relation to the center of the 
group, the mismatch voltage will be positive. 

The time discriminator signals act on the control apparatus which regu¬ 
lates the time lag of the master pulses fed to it. 

We note that the master pulses are produced at times corresponding to the 
initial position of the antenna. 

Selector pulses are formed under the influence of the delayed master 
pulse. As a result of the interaction of all the signals appearing in the 
servosystem shown in figure 5-6a, the tracking of the selector pulses of the 
center of the group is ensured. As the output of the considered system, it is 
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possible to use the voltage of the control apparatus or the position of the 
delayed master pulse. 

The described method for automatic determination of the angular coordinate 
has been called in technical literature the method of division of a group of 
video signals in half. 

A distinguishing feature of the operation of this system for determination 
of coordinates is the discreteness of receipt of information from the target 
and the high accuracy of measurement of the angle 

Radio navigation sighting apparatus can be used in those cases when a /214 
rocket is to be guided along a fixed trajectory. In principle, the coordi¬ 
nates of a rocket can be measured satisfactorily by all the types of navigation 
measurement instruments discussed in the preceding chapter and also by Doppler 
systems for measuring ground velocity. However, the apparatus carried aboard 
the rocket for recording its coordinates in relation to ground stations, in 
radio zone control systems and in the case of command guidance of a rocket, 
should be situated at the control point; in this case, only a radar responder 
should be aboard the rocket. It follows that the principle of command radio 
guidance appreciably simplifies the apparatus of the rocket. 


2. Sighting Apparatus of Coordinators of the Second Type 

In coordinators of the second type for command guidance systems for 
rockets, the sighting apparatus can be based on the television, thermal and 
radar principles. One of the principal components of a television sighting 
apparatus is a camera tube with optic. Coordinators with television sighting 
apparatus provide the simplest means of determining the mismatch parameter for 
guidance of the rocket by the direct and vane methods. For this purpose, the 
longitudinal axis of the tube should coincide with the o r x^ axis or the 

velocity vector v of the rocket, respectively. In the latter case, the tube is 

attached to a base oriented by means of the vane in the direction of the air 
flow. A grid is plotted on the photoelectronic mosaic of the tube for charac¬ 
terizing the transverse axes of the rocket or the direction of the vector v. 

In the vane method, the sighting apparatus can be made in such a way that 

the television tube with the optic is fixed relative to the body of the rocket 

and the grid is related to the vane. 

The signals from the camera tube, together with the signals from the grid 
and scanning of the image are transmitted to the control point where a picture 
tube is used as the output apparatus. 

Television sighting apparatus makes it possible to have a very graphic 
image, provide for quite high concealment of the work (radiation is in a direc¬ 
tion opposite the direction of motion of the rocket) and makes itpossible to 
guide a rocket to targets having neither radar nor thermal contrast. At the 
same time, such apparatus has a number of shortcomings, the most important 
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of which are dependence of the operability of the sighting apparatus and 
quality of the received image on meteorological conditions and time of day. 

In addition, the insufficiently high noise immunity of systems for the trans¬ 
mission of television images must be borne in mind. 

Using a sighting apparatus designed on the thermal principle, it is pos¬ 
sible to determine the thermal "relief" of the terrain over which the rocket 
is flying. The sensing element of a thermal sighting apparatus is mounted /215 
in exactly the same way as the camera tube. The signals received from the 
thermal sighting apparatus, together with the signals characterizing the meas¬ 
urement coordinate system, are transmitted to the control point by electronic 
means. Appropriate converters are carried on the rocket for this purpose. 

Thermal sighting apparatus makes it possible to determine the position of 
a target having thermal contrast, regardless of time of day, and since they 
constitute passive systems, there is a quite high secretiveness of their opera¬ 
tion. However, the effective range of such sighting apparatus is low because 
of the considerable absorption of thermal radiation during its propagation in 
the atmosphere. 

Radar sighting apparatus is used in forming the radar "relief" of the area 
in the neighborhood of the target. Radar sighting apparatus can be passive, 
active and semiactive. The operation of passive sighting apparatus is based 
on the presence of radio emission from terrain which is not subject to 
prior irradiation. If a rocket carries a radar transmitter and receiver, the 
sighting apparatus becomes active. When the radar transmitter is away from 
the rocket, the sighting apparatus becomes semiactive. Obviously, from the 
point of view of weight and size of rocket equipment, it is more desirable to 
have passive and semiactive radar sighting apparatus. Semiactive radar sight¬ 
ing apparatus ensures the producing of mismatch signals with an appropriate 
scanning of the terrain by the receiving antenna, the same as in ordinary non¬ 
automatic radar sets. The only difference between them is that, in the coor¬ 
dinator of a command control system, the cathode-ray indicator is connected to 
the search antenna and the receiver output by a data transmission system. 

Radar sighting apparatus makes it possible to guide rockets to targets 
having a radar contrast ensuring a relatively great effective range during ac¬ 
tive and semiactive sighting. However, such sighting apparatus has a rela¬ 
tively low noise immunity. In some cases, guided rockets should move at a 
constant altitude. Since the signals characterizing flight altitude of the 
rocket are not produced by the mentioned sighting apparatus, it is necessary 
for the rocket to have altimeters whose information is used for flight stabi¬ 
lization or which is transmitted to the control panel by a relay system. 


5.4. General Information on the Computers 
Used in Coordinators 

The computers used in the coordinators of systems for the command control 
of rockets are classified as analog and digital. In each specific case, the 
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types of computers and the problems solved by them are determined by the mis¬ 
match equation and the shape of the input and output signals. 

If radar sighting apparatus ensuring the automatic determination of /2l6 
the coordinates of the target and rocket is used, coordinators can be 
created which make possible guidance of the center of mass of a rocket without 
deflection (by the coincidence method) and with deflection (for example, by 
the parallel approach method). The equations which should be solved by the 
coarputers in this case are given in chapter 2. For example, for guidance of a 
rocket in the vertical plane, it is necessary to solve equations (2.8.2), 
(2.8.3), (2 # 8.4), (2.8.8) and (2.8.10), which have the following form: 

(a) for the coincidence method 


h = r (e, - 
pr v t 
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(b) for the approximate method of parallel approach 
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(5-4.1) 


(5-4.2) 


(5.4.2a) 


(c) for the precise parallel 


approach method 


h = 
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(5.4.3) 


We recall that in the cited equations the value r^ r 


« r r produced by the 


programming mechanism characterizes the range from the control point to the 
rocket. The signal reflecting the angle € also is shaped by the programming 
mechanism. y 


When radio navigation apparatus for measurement of coordinates is used, 
it is possible to create coordinators ensuring the guidance of rockets along 
fixed trajectories. In this case, the mismatch parameter for the vertical and 
horizontal guidance planes is a signal characterizing the linear deflection of 
the center of mass of the rocket from the stipulated fixed trajectory. 
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Different types of mismatch equations are obtained, depending on the type 
of radio navigation apparatus used. For example, if an angle-measuring radio 
navigation apparatus is used in the control system (a ground direction finder), 
the computer solves equations of type (5.4.1), taking into account that is 
a given value. 

The same mismatch equations are obtained when the coordinator is designed 
on the basis of angle-measuring— range-finding and range-finding radio naviga¬ 
tion apparatus as for fixed radio zone control systems. 


In addition to control of rockets in planes perpendicular to the vector v, 
in some cases the problem arises of guiding a rocket in range and velocity. 

In most cases, the essence of the process of guidance in range involves tran¬ 
sition of the rocket (usually winged) into a dive at a stipulated distance from 
the target. The formation of the mismatch parameter on the basis of which /217 
the command for diving is produced occurs in the coordinator by a comparison 
of the stipulated and remaining distances r gt and r between the rocket and the 

target. Depending on what types of sighting apparatus are used in the coordina¬ 
tors, the determination of r « r^ - r r is accomplished by the computer on the 

basis of signals directly or indirectly characterizing r r and r^. 

In the formation of the mismatch parameter determining the time of tran¬ 
sition of the rocket into a dive the computer will be simplest in those cases 
when the coordinator includes range-finding apparatus; the computer will be 
more complex when it is necessary to compute r using signals received from 
instruments measuring velocity, angles, etc. 


As already noted in chapter 2, in the case of guidance of ballistic mis¬ 
siles it is necessary to cut out the engine at the time when the value |v | 

of velocity v attains a stipulated value v g ^.. If the engine is cut out by a 


command control system, 
when the condition IvI 


the signal should be formed at the computer output 


= v ^ is satisfied. 


There is now a considerable number of textbooks and a considerable quan¬ 
tity of specialized technical literature on problems involved in the design 
and analysis of apparatus which performs mathematical operations with elec¬ 
trical signals, both in the form of a dc voltage and in the form of pulses 
representing digits in some (most frequently in a binary) numbering system. 
These problems are discussed in the greatest detail in the books cited as 
references 64 and 65 . 


The book cited as reference 63 , intended for engineers and technicians, 
discusses the principles of design, circuits and construction of various 
devices for conversion of analog signals into digital signals and back. 
Information on conjugation and conversion devices also can be found in journal 
articles. For this reason, in this section for the purpose of giving a 
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fuller idea of the problems arising in the development of radio control sys¬ 
tems, we will give only the necessary general information on the methods and 
devices for connection of the computer to the measuring instruments and the 
apparatus for producing the commands. 

Information on the coordinates of the rocket or on the differences of the 
coordinates of these objects most frequently is fed to computers in the form of 
a dc voltage, a time interval whose limits are set by video pulses and the 
turning angle of an antenna, electric motor or other device. 

If an analog computer is used, in a case when it is fed dc voltages, the 
only problem involved is matching the input and output resistances. Such a 
problem is solved quite easily by use of cathode followers. When the coor¬ 
dinates or their differences are given by time intervals which can represent 
the range from the control point to the rocket and target, the difference in 
distance between the rocket and target, the angular coordinates of the /2l8 
rocket and target (for example, using the group method for their measure¬ 
ment), etc., the analog computer should include a converter making possible the 
use of dc voltages. 

The interval determined by two video pulses is converted into a voltage 
by means of triggers and low-frequency filters. The trigger in such an 
apparatus converts the input pulses, one of which can be considered a refer¬ 
ence pulse and the other a phase-modulated pulse, into width-modulated pulses. 
The low-frequency filter separates out the constant component of the voltage 
U mean * >rom these pulses which usually follow one another periodically; the 

constant component is equal to 


t^ 

u mean = U m 


where t^ and T^ are the duration of the time interval and the repetition in¬ 
terval, respectively, and U m is the amplitude of the pulses produced by the 
trigger. 

It is most desirable to use a potentiometer whose slide is connected to 
the rotating component for conversion of the angle of rotation into a voltage. 

The output signal of an analog computer is a dc voltage. Therefore it is 
simplest to couple it to apparatus for forming commands suitable for conver¬ 
sion of such signals. 

The operation of a digital computer requires that the voltage, time in¬ 
terval or angles of rotation first be converted into a code (digit). In 
aost cases, digital computers employ a binary numbering system in which, as 
is well known, the digits are formed by columns of units, pairs, sets of 
four, etc., and each column is represented by a pulse. In this case, the 
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presence of a pulse characterizes the presence of a particular digit in the 
number, and the absence of this pulse indicates that there should be a zero in 
the place of the considered digit in the number. Therefore, the output signal 
of the converter of the digital computer should represent a so-called binary 
code formed of video pulses or pulses with a sinusoidal duty factor. 

However, it should be noted that, in those cases when the Information 
received by electronic measuring instruments is analyzed by digital computers, 
there is no need of special converters for digital computers. 

The output signals of digital computers are code groups of pulses charac¬ 
terizing the numbers in a selected numbering system. For this reason, it is 
most desirable to couple such computers to apparatus for formation and trans¬ 
mission of commands based on the use of digital communication methods. At the 
same time, in some cases it ean be desirable to convert the numbers into /219 

analog values. Then the output apparatus of a digital computer is a con¬ 
verter of the "number-voltage" type. 

'Converters of the latter type are of basic importance for rocket equip¬ 
ment and are discussed adequately in chapter 7- Here, however,, we describe the 
principles of operation and give diagrams of converters of the "time interval- 
number" type, "voltage-number" type and "angle-number" type. 

For conversion of the time interval t-^, which is repeated periodically, 

into a number it is customary to use apparatus ensuring the counting of the num¬ 
ber of pulses created during t^ by a so-called cadence generator. 

The functional diagram of one of the possible variants of apparatus for 
conversion of the interval t^ into a binary number is represented in figure 
5.7a. 


The pulses u start and u stop (fig. 5.7c, d), denoting the beginning and 

end of the converted interval and usually called start and stop pulses respec¬ 
tively, control the operation of a trigger Tr. The latter produces a voltage 
which is fed to the coincidence stage CS ("I"-type circuit), which at the same 

time is fed u signals (fig. 5-7b) of the pulse generator PG. During the time 
irU 

t., u pulses are formed at the output of the CS (fig. 5*7e), the number of 
1 Co 

vhich is determined by the interval t^. 

It follows from the above that, by use of the trigger Tr, the pulse genera¬ 
tor PG and the coincidence stage CS, the time interval t^ is transformed into 

the number of pulses n^. Sometimes this type of conversion is called counter¬ 
pulse modulation. 

The voltage u acts on a binary counter containing N triggers Tr - Tr ; 

CS IN 

N characterizes the significance (number of digits) of the binary code used. 
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Figure 5.7 


* u com2 


Vs recall that the t-th digit of the binary code (1=1, 2, N) correspond 

1-1 

to the number 2 in a decimal numbering system. 

The triggers in the binary counter are interconnected in such a way that 
tvo flippings of the preceding trigger cause one triggering of the next. This 
~eans that each trigger unit is a 1:2 scaler. 

After all the pulses pass through the CS, the left tubes of the triggers 

?r.-Tr_ assume positions corresponding to the record of the number n of u 
IN i CS 
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pulses in a binary numbering system. Thus, when n^ = 6, as is shown in figure 

5.7e, the following processes occur in the binary counter. The trigger Tr^ 

"flips" 6 times and after arrival of the last pulse occupies the initial posi¬ 
tion when the left tube is "open" and the right is "closed." During this 
time, Tr^ is triggered three times and at the end its right tube is "open" 

(unblocked). The next counting trigger flips only once, and all the other 
elements of the binary counter remain in position. 

The signals of the binary counter are fed from the left tubes of each 
trigger by means of coincidence stages ("I"-type circuits) CS^, CS 2 , ..., CSjj, 

to which are also fed time-shifted pulses u ,, u ...... u „ (fig. /220 

coml 7 com2 7 7 comN 1 - 

5.7f, g, h) from the output of the apparatus for forming commutating pulses 
CFFA. The distances at which the CPFA pulses are separated from one another 
correspond on the time axis to the intervals between the pulses denoting /221 
individual digits in a binary code. The stop pulse controls the operation 
of the CPFA. 

Under the influence of the signals u COffll , u cQm2 , ..., u CQmN , at the out¬ 
puts of the coincidence stages to which positive voltage drops are fed from the 

0 1 N-l 

binary counter, pulses are formed which reflect the digits 2 , 2 , ..., 2 of 
the binary number. In addition to the successive feeding of data from the 
binary counter, parallel feeding also is possible in which the commutating 
pulse acts simultaneously on all the CS^, CS^, ..., CS^. 

For preparation of the binary counter for conversion of a new time inter¬ 
val, prior to the arrival of each succeeding start pulse, all the triggers 
Tr^, Tr^, ..., Tr^ are returned to the initial position. This is accomplished 

by the voltage u^ (fig. 5-7i), formed by the delay stage DS under the influ¬ 
ence of a stop pulse. The delay stage DS parameters should be selected in such 
a way that the u^^ signals appear only upon termination of the action of the 

pulses u N (fig. 5-7h). 

In the described method, the feeding of data from the binary counter and 
the restoration of the triggers Tr^, Tr^, ..., Tr^, the times of formation of 

the pulses u coml , u com2 , ..., u comW and u dgl will change relative to the sec¬ 
tors of time during which the start pulses act. This can be attributed to the 
change of the value t^. Elimination of this effect requires that the CS and 

CPFA be triggered by u start pulses (fig. 5.7c). 
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Errors arise in the conversion of the time interval into a binary code 
vith the apparatus whose functional diagram is shown in figure 5.7a. The prin¬ 
cipal causes of the appearance of conversion errors are: instability of the 
pulse generator PG, level and time quantization of the time interval and also 
ambiguity in the position of the start and stop pulses relative to the PG 
signals. 

Errors in level quantization are caused by the fact that binary numbers 
cannot be used to reflect all the possible values of the time interval t j_. The 

maximum error in conversion At^ gv , arising due to level quantization, is deter¬ 
mined by a value equal to the repetition interval T. of the PG pulses (fig. 
5-7b). 1 

If the values of the maximum possible interval t^ = t^ mfiX and the inter¬ 
val are known, the required number N of triggers of the binary counter can 
be found using the following expression 


2 N 1 i max 


It can be seen from this expression, determining the 
which the time interval t^ max is divided, that with 
N increases. 


number of intervals into 

a decrease of T. the value 
1 


In some cases, in place of the maximum error At 

' lev 


T , it is pos- /222 


sible to use the concept of mean square error, which can be computed using the 
known probability distribution law characterizing the difference between the 
length of the real time interval and the interval corresponding to the whole 
number n. + 1 of intervals appearing at the CS output (fig. 5*7a). 


The time quantization errors are determined by the fact that the converted 
function is sensed by the converter only at individual moments of time. It is 
easy to see that with an increase of the repetition frequency F re p of the 


start and stop pulses, this form of errors can be reduced to a stipulated value. 
The selection of F re p should be accomplished on the basis of the properties of 

those elements which, on the basis of discrete data, restore the initial con¬ 
tinuous time function. 


Due to the uncertainty in the position of the start and stop pulses in 
delation to the PG pulses, there will be errors At^ and At^ (fig. 5-Tc, d), one 

°f which (At^) is positive and the other negative, since by definition the 
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error is characterized by the difference between the interval which is 
received and the actual value t^. It must be remembered that the interval T^, 

situated before the first pulse, which is formed at the output of the coinci¬ 
dence stage CS, is included in the length of the determined (measured value) 
interval. 


If the start pulses and the PG signals are fed synchronously, the error 
At does not occur. For synchronization of the mentioned signals, it is pos¬ 
sible to form start pulses by the division of the repetition frequency, of the 
PG pulses or creation of PG pulses under the influence of start pulses after 
corresponding multiplication of their repetition frequency. 

It is impossible to eliminate the error At£ completely. However, by a 
decrease of the period T^, it can be made as small as desired. At the same 
time, there always is a limit of increase of the frequency determined 

by the attained speed of response of the first stages of the binary counter. 


Therefore, when the required frequency F^ becomes inadmissibly large, to 

ensure the decrease of At^ additional devices are used which operate under the 

influence of pulses shifted relative to the PG signals by a time determining 
the admissible value of the error At^. 

The functional diagram of one of the possible variants of the converter, 
making it possible to decrease At^ without a change of T^, is shown in figure 

5.8. In this converter, the pulse generator PG, trigger Tr, coincidence stage 
CS, delay stage DS, apparatus for forming commutating pulses CPFA, binary coun¬ 
ter BC and data feeding apparatus DFA, which contains a type "I" circuit, per¬ 
form the same functions as in the converter discussed earlier. Additional 
elements of the converter are the delay lines DL^-DL n , coincidence stages /223 

CS n -CS and triggers Tr -Tr ; n defines the number of intervals by which the 
1 n 1 n 

T i 

interval T. is divided in order for the maximum value of the error At 0 = — not 
1 2 n 

to exceed the stipulated value. The coincidence stages are fed pulses from the 
Tr and series of pulses with the cadence period T^, with the time shift 
T. 2T. (n - 1) T. 

—, —i, -i. The necessary shift is given by the delay lines. 

n n n 

Each of the coincidence stages CS-^-CS^ transmits to the output pulses whose 

number is dependent on the length of the converted interval. Under the influ¬ 
ence of the pulses fed from CS^-CS n , there is flipping of the triggers Tr^-Tr^. 
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Figure 5*8 


For example, if the interval t . between the last pulse passing through 

pi T i 

the coincidence stage CS and the stop pulse exceeds —, the trigger Tr, is fed 

n 1 

the same number of pulses as are fed to the principal binary counter BC. 
Therefore, the trigger Tr^ and the first unit of the binary counter at the end 

of counting are in an identical position. Similar processes also will occur 
in the triggers Tr^, ..., Tr n , if the interval t ^ is greater than the value 

2Ti (n - 1) T ± 

-, •••> - - 

n n 

The fixed positions of the triggers Tr^-Tr n after termination of operation 

of the coincidence stages CS can be used for more precise determination of the 
value t i of the converted time interval. 

The principal shortcomings of the considered method for decreasing the 
error At^ can be attributed to the extremely rigid requirements imposed on the 

duration and shape of the pulses produced by the delay lines. It is easy to 

see that the duration of these pulses should be less than the interval j£i. 

n 

Due to the instability of the repetition frequency of the pulses of / 22k 

the generator FG, the same interval t. can be reflected by a different 

number of FG pulses. The maximum error is obtained in the conversion of the 
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maximum time interval t . If the repetition frequency F. of the PG pulses 

1 max i 

remains constant, the maximum number of pulses n will be formed at the CS 

lHcL/C 

output and will be equal to 


n 

max 


t. 

1 max 
T. 




When the repetition frequency of PG pulses is F = F^(l + a^ n ), where a^ n 

is the frequency instability coefficient, the binary counter will be fed n^ 
pulses; then 


n l = 


^i max^ + a in^ 


( 5 .^. 5 ) 


On the basis of expressions and (5-^*5) we find 


"l = "max + «in n max' 


If the admissible value of the error n^ - n^^ is stipulated, it is easy 

to use formula ( 5 .4.6) to compute the necessary stability of the pulse genera¬ 
tor PG. For example, when I n^ - I = 1, the following condition should be 

satisfied. I * 



1 

"max’ 


The derived expression in essence characterizes the admissible instabil¬ 
ity of the frequency F^ under the condition that the conversion errors asso¬ 
ciated with a. and the level quantization of the interval t. have identical 
, in 1 

value s. 

In conversions of intervals of short duration the principle of change of 
the time scale is applied, which in essence is equivalent to the multiplica¬ 
tion of t by some factor greater than unity. This problem is solved by the 

preliminary conversion of t into a voltage and the amplification of the lat¬ 
ter. The voltage u t obtained in this way then is converted in a time interval. 
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This usually is done using a saw-toothed wave generator and an amplitude dis¬ 
criminator, which give a pulse when there is equality of and the sawtooth 

voltage u . The interval between the times characterizing the beginning of 

SBV 

the saw and the appearance of a pulse at the output of the amplitude discrimi¬ 
nator reflects the interval t^ at some scale. 

The most widely used amplitude discriminators are so-called diode- 
regenerative comparators, one of whose diagrams is shown in figure 5-9* 

The linearly decreasing sawtooth voltage u gaw is applied to the trans¬ 
former Tr, whose primary winding is connected to the cathode circuit of the 
pentode Pen and thereby ensures a positive connection with the pentode grid, 
and the positive voltage u^. is connected to the cathode of the diode /225 

and the anode of the diode D^. 

If the value u gaw exceeds u^_, the diode is blocked out and as a result 

the positive feedback circuit is unblocked, despite the fact that a current 
flows through the primary winding of the transformer. When u gaw = u^, the 

diode is unblocked and due to the closing of the positive feedback circuit 

the pentode Pen is blocked out. Then the pentode Pen remains blocked out because 

u < u . At the time of blocking out of the pentode Pen a voltage pulse u 
saw t out 

is formed at its output. In the considered diagram, the diode D 2 is used for 

compensation of the shift of the characteristic of the diode (for example, 

due to a change of the filament voltage), which leads to the appearance of con¬ 
version errors. 

The methods used for conversion of a voltage into a number are based on 
timing and frequency coding and also on the preliminary conversion of a voltage 
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Figure 5*10 


into amplitude-modulated pulses. The essence of the first method, which is one 
of the most feasible, is a preliminary conversion of a voltage in a time inter¬ 
val. Accordingly, the functional diagram of the apparatus for conversion of a 
voltage into a number will have the form shown in figure 5-10. The voltage 

is converted in a time interval by the saw-toothed wave generator STWG and the 
amplitude discriminator AD. All the remaining elements of the converter are 
the same as in figures 5-7a and 5*8. 

The errors in conversion of the voltage u^_ into a binary code are deter¬ 
mined primarily by the properties of the saw-toothed wave generator and the am¬ 
plitude discriminator because the time interval, if appropriate measures are 
taken, can be converted into a number with whatever accuracy is desired. It is 
necessary, therefore, to ensure corresponding stability of the beginning of the 
saw-toothed wave and its steepness, and also to determine correctly the / 226 

time of the equality of the u and u voltages. 

t saw 

The principle of frequency coding is based on the preliminary conversion 
of a voltage into a sinusoidal signal of the corresponding frequency. This 
mission is performed in the converter whose functional diagram is shown in 
figure by the M generator WIG . The signals from the output of the MG 

and the special generator Gen^ of the standard frequency f^ are fed to the con¬ 
verter Con which produces a sinusoidal voltage of the difference frequency 
f^^ = f^ - f£, where f-^ is the frequency of the oscillations formed in the MG. 

The pulse generator PG forms pulses at those times when the voltage u CQn of the 

converter Con becomes equal to zero, with its transition, for example, from 
negative to positive values. 


The PG also is fed a pulse u from the output of the time interval pickup. 

o 

The voltage u determines the time during which the PG pulses can act on the 
o 

binary counter BC. The signals of the binary counter are fed to a data feeding 
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Figure 5*11 


apparatus DFA of the type described above. The restoration of the counter BC 
and control of the operation of the data feeding apparatus DFA is by signals 
from the TIP. 

It follows from a study of figure 5-11 that the output signal of such a 
converter will represent a number reflecting the value of the voltage for some 
time interval t^ and that the generator Gen^ is necessary for obtaining a zero 

number when u^. = 0. The accuracy of conversion of the described apparatus is 

determined primarily by the characteristics of the generator FMG and usually 
is relatively low. 

The principle of conversion of the voltage u^ into a binary number by 

pulse-amplitude modulation will be illustrated using the example of the appara¬ 
tus whose functional diagram is shown in figure ^>.12. The converted voltage 
and the periodically repeated pulses u^ are fed to the pulse-amplitude 

modulation stages where pulse-amplitude modulation occurs. 

Each video pulse, whose amplitude is proportional to u . after passing 

through the mixer Mix is fed to the delay line DL, fixing the intervals between 
the pulses for digits in a binary code. 

The pulses are fed from the output of the delay line to the amplitude /227 
analyzer AA and the subtracting device SD. It will be assumed hereafter 
that the mixer and the subtracting device SD have amplification factors equal 
to unity. In the amplitude analyzer the amplitude of the arriving pulse is 
compared with the standard voltage u^ = l/2 U m , where U m is the maximum pos¬ 
sible amplitude of a modulated pulse. 



Figure 5-12 
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If the amplitude of the arriving pulse is greater than u^, at the output 

of the amplitude analyzer there will be a standard pulse with the stipulated 
duration Tp and the amplitude l/2 U m . When the amplitude of the arriving pulse 

is less than u g ^., there will be no signal at the AA output. 

The subtracting device forms the difference between the voltages fed to 
the SD from the delay line DL and the amplitude analyzer AA. If there are no 
pulses at the AA output, the delay line (DL) signal passes to the amplifier Amp, 
having the transfer constant 2, without changes. The switch Sw which operates 
automatically breaks the feedback circuit after final formation of the binary 
code. 


The described circuit can be changed by elimination of the amplifier Amp. 
However, in this case in the amplitude analyzer AA, it is necessary to compare 
the amplitudes of the pulses produced by the delay lines DL with the voltage, 
which decreases by a factor of 2 after each cycle of passage of the signal 
through the amplitude analyzer. 

A distinguishing characteristic of converters based on the use of pulse- 
amplitude modulation is the dependence of errors on changes of the amplitude 
characteristics of a considerable number of elements. For this reason such 
converters can be used only when there is a small number of digits in the 
binary code. 

The conversion of an angular value into a code can be based on preliminary 
conversion of the angle into a dc voltage or the phase of a sinusoidal voltage 
and also by the use of magnetic drums and converters of the so-called storage 
type. 


The preliminary conversion of an angle into a voltage is accomplished 
most easily using a potentiometer. However, the errors of standard-produced 
potentiometers usually are not less than 0.1 percent. Therefore, taking into 
account the errors of conversion of voltage into a number, it can be concluded 
that it is possible to use the above-described method in those cases when a 
high accuracy is not required. 

The preliminary conversion of an angle into the phase of a sinusoidal 
voltage is rather commonplace in actual practice. The functional diagram of 
one of the possible "angle-phase-number" conversion apparatuses is shown in 
figure 5 « 13 a. 

The sinusoidal oscillations generator SOG produces a voltage u^ (fig. 

5.13t>) called a reference voltage. This voltage is fed to the phase inverter 
PI and the pulse shaper Sh-2. In the phase inverter, as a result of the rota¬ 
tion of its axis under the influence of the converted angle (3^, a voltage u^ 

is formed (fig. 5*13b). The difference of the phases Acp of the voltages u^ and 
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Axis of rotation of 
phase inverter 



t 


Figure 5.13 

Up characterizes the angle p m . Accordingly, in the shaper Sh-1, to which is 

fed the Up signal, and in Sh-2, stop and start pulses are formed (fig. 5*13^, 

c) determining the limits of the interval t^ by means of which Acp is re- /226 

fleeted. The start pulse is fed to the coincidence stage CSg* whose second in 

put signal is the output pulse of the trigger Trg. The latter is triggered by 

a pulse of the delay stage DS at whose input signals arrive from the cycle 
pickup CP. In addition, the cycle pickup ensures restoration of the initial 
position of all the trigger units of the binary counter BC. 

In the case of simultaneous effect of the Sh-2 and Tr^ voltages, a pulse 
is formed at the CSg output which triggers both Tr^ and Tr^. The next trig¬ 
gering of Trg leads to cutting out of Sh-2 from Tr^ until the arrival of the 
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next pulse from the delay stage DS. The end of the effect of the positive volt¬ 
age drop from Tr^ is caused by a stop pulse. All the other elements, the coin¬ 
cidence stage CS 1 , the pulse generator PG, the binary counter BG, the data /229 

feeding apparatus DFA and the apparatus for forming commutating pulses CPFA per¬ 
form the same functions as in the earlier considered types of converters. 

In the process of conversion of "angle-number," errors arise whose prin¬ 
cipal sources are the phase inverter and the apparatus for forming stop and 
start pulses. In addition, errors are caused by the frequency instability of 
the oscillations created by the PG and SOG generators. 

If the entire range B of the converted angle B should be reflected by 

max m 

n intervals and the minimum length of an interval corresponds to Ap degrees, the 
required relation between the frequencies fo and F^ of the signals fed from 

the SOG and PG can be determined on the basis of the following expression 


n = 


^max _ ^0 _ 

AS ‘ T l'V 


where T = —. 

0 f 

For example, if P max = 360°, A0 = 1' and f^ = 400 cps, the required fre¬ 
quency is F^ =8.6 Mc/s. It therefore follows that performance of a converter 
with an error Ap = 1' encounters virtually insuperable difficulties. 


In order to obtain sufficiently small errors at relatively low frequencies 
fQ, it is desirable to use a two-channel converter similar to the method used 

in selsyn transfer systems. 

The principle of design of converters based on the use of magnetic drums 
is illustrated in figure 5.14. The magnetic drum D, rotating with the constant 
angular velocity cu^, has two magnetic tracks T^ and Tg. On the magnetic track 

T-^ which together with the counting head CH^ plays the role of a pulse genera¬ 
tor PG in the apparatus considered earlier, marks are plotted at equal inter¬ 
vals in the form of magnetized sectors of a small width. At the same time, 
there are no such marks on the track Tg- 

The recording head RH magnetizes a short part of the track Tg at the time 
when the cycle pickup CP forms a voltage pulse which is fed to RH through the 


250 


Digitized by LjOOQle 



e-^ 



axis of rotation, whose angle of rotation P m is to be converted into a /230 

digit. At the same time, the CP signals flop the trigger Tr, which opens the 
vay for the pulses of the track to travel to the binary counter BC through 

the coincidence stage CS. The time of the "flopped" trigger Tr is dependent on 
the angular distance between the fixed counting head CH^ and the moving re¬ 
cording head RH. The signals from the BC are fed to the data feeding appara¬ 
tus DFA. At the end of each cycle, the mark on the track T^ is erased. The 

elements restoring the SD elements and commutating the DFA have not been shown 
in figure 5.1^. 

The maximum error in quantization is 


Ap 


360 ° 

rmtd^' 


vhere m and d^ are the number of pulses from one millimeter of the track T-^ 
and the drum diameter, respectively. 

All the types of apparatus considered here are converters of the cyclic 
type. A distinguishing characteristic of such converters is that in each new 
cycle the total value of the measured parameter is determined again. Conver¬ 
ters of the storage type react only to increments of the input value. Thus, 
during the conversion of an angle into the number of rotations of the input 
axis by one unit angle, that is, an angle corresponding to the level quantiza¬ 
tion interval, the binary number produced by the counter increases (decreases) 
by one binary unit. In order to be able to determine what operation (addi¬ 
tion or subtraction) should be accomplished in the counter, the converter must 
include a device which reacts to the direction of change of the angle. 
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The simplest method for designing a converter of the storage type is based 
on creation of a contact system around a shaft which rotates by the converted 
angle P m - 


5-5- Functional and Block Diagrams of Coordinators of the 
First Kind for Different Rocket Guidance Methods 

A coordinator for the measurement of the mismatch parameter in two mutual¬ 
ly perpendicular planes usually consists of two identical parts. Therefore, 
hereafter we will determine the makeup of the coordinators and the functional 
relationship of their individual elements only with respect to the determina¬ 
tion of the mismatch parameters for the vertical plane alone. The target coor¬ 
dinates measuring instrument (TCI) can be placed together with the rocket 
coordinates measuring instrument (RCl) or in any other point in space. 

The simplest coordinator is obtained in those cases when the TCI, RCI and 
control point are situated in the same place. This can be attributed to the 
fact that with such a placement of the instruments for measuring coordinates 
and forming commands, it is not necessary to have data transmission systems 
and the TCI and RCI coordinate systems coincide with one another. The same 
conclusion can be drawn when there is an insignificant distance between /231 
the RCI and the TCI, since the resulting parallax in such cases is insig¬ 
nificant. 

In those cases when the control point, RCI and TCI are situated at rela¬ 
tively great distances from one another, the coordinator will be more complex. 
This is because data transmission systems will be needed and also an addi¬ 
tional computer for scaling the signals of the measurement instruments from 
one coordinate system to another. 

Hereafter in order to obtain simpler and more graphic diagrams and equa¬ 
tions which will be analyzed, it is assumed that the RCI and the TCI, for de¬ 
termination of the target and rocket coordinates for rocket guidance by the 
coincidence method and the parallel approach method, and also the control 
point are situated in the same place. In addition, for unambiguity it will 
be assumed that the output signals of the RCI, TCI and computer are dc voltages. 

The latter assumption does not essentially limit the number of types of 
measuring instruments which can be used in the coordinators considered here. 

This is because when the signals formed by the measuring instruments are not it 
the form of voltages, the computer will include appropriate converters. Since 
hereafter only the vertical guidance plane will be considered, for the sake of 
brevity the subscript "y" on the symbols characterizing target and rocket cooi 
dinates will be omitted . 


1. Coordinators with Radar Sighting Apparatus 


As follows from equation (5-4.1), when a rocket is guided by the coinci¬ 
dence method, it is necessary to measure the angles e r and e^., and the 
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Figure 5*15 


programming apparatus should produce a signal characterizing the distance 


Electronic apparatus for measurement of the angles e r and create volt¬ 
ages u r (t) and u^.(t) which are unambiguously related to « r and if random 
errors are not taken into account. The voltage Au = u^ - u r is formed in the 

computer; this voltage is fed to the range potentiometer, increasing Au by 

k ..r k . ^.r times, where k . ^ is the transfer coefficient of the range 
potd pr potd r * potd B 

potentiometer. In accordance with the above, we can write the following equa¬ 
tion for the coordinator producing the voltage u^(t) which is necessary for 

rocket guidance in a vertical plane by the coincidence method 


“h'*' - k po« r pr [u t (t) - u r (t)L 


(5.5.1) 


On the basis of this equation we obtain the functional diagram of the 
coordinator shown in figure 5*15 (without the radio transmitter carried on the 
rocket). 

The signals formed by the rocket and target coordinates measuring /232 

instruments can be represented as functions of time, expressed in degrees, 

if u (t) and u,(t) are separated into the coefficients k and k^ . These co- 
r' t rc tc 

efficients characterize the values u f and u^. in a steady-state regime when the 

angles e r and e^. of a unit value act at the inputs of the RCI and TCI. We note 

that this approach for conversion fron u f and u^ to e r and is admissible only 
in linear systems. 
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Under real conditions, as a result of the presence of inertial elements, 

the changes of the supply voltages, etc., the voltages u (t) and u.(t) reflect 

r ^ 

the angular coordinates of the rocket and target with an error. Therefore, it 
is possible to write that 


u* = k, e, , 
t tc tm ; 


u = k e 
r rc rm 


where 6^ m and e m are the measured values of the angles e t (t) and e r (t), dif¬ 
fering from and e r by the values of the errors dependent on the dynamic pro¬ 
perties TCI and RCI and also on the stability of the characteristics of the 
elements forming these apparatuses. 

The voltage u^ at some scale represents the so-called measured value 
of the mismatch parameter h; differs from h by the value of the error caused 
by the conversion properties of the coordinator as a whole. Then we will have 


u h = k hV 

where is the value of the voltage forming at the output of the coordinator 

in a steady-state regime with a unit linear deflection of the center of mass of 
the rocket from the control point-target line. 

By substituting the determined values u^, u r and u^ into expression 
(5.5*l) we obtain 

/he \ 

u h " k lAn ~ r r k potd k rc 1 k e tm ~ e rm )* (5*5*2) 


It therefore follows that in order to ensure a zero voltage u, when e = e 

h t r 

and identical errors of determination of these angles, the measuring /233 

instruments e + and e should have equivalent transfer functions k and k 

u r tc rc * 

In addition, when k tc = k rc , the condition = k potS k rc should be satisfied, 

since the linear deflection of the center of mass of the rocket from a refer¬ 
ence trajectory with a high degree of accuracy is determined by the product of 
the distance r r and the difference of the angular coordinates of the target and 
rocket. 
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a 



b 

Figure 5.16 


Then the second form of the coordinator equation assumes the form 


h = r (e 
m r tm 


e ) • 
rm 


(5.5.3) 


The derivation of the second form of the coordinator equation is of impor¬ 
tance in computing the errors in measurement of the mismatch parameter, ex¬ 
pressed in linear units, for cases when the measuring instruments can be con¬ 
sidered linear systems. However, this equation is not necessary in an analysis 
of errors in rocket guidance dependent on the parameters of the control system 
as a whole. On the other hand, in the solution of the mentioned problem, it is 
more desirable to have an equation written in the form (5-5.1)• 


Equations (5.5.1) and (5.5-3) show that the coordinator is a system with 
variable parameters. This also follows from the fact that r r « r is a func¬ 
tion of time. However, in actual practice, the value r r (t) changes consider¬ 


ably more slowly than all the other components entering into the coordinator 
equation and the equations for the control system as a whole. This gives basis 
for using the principle of "freezing" of the variable coefficient r r « r r * 


If the transfer functions of the RCI and TCI measuring instruments, whose 
output signals are u r (t), u^-(t), e rm (t) and e-t m (t), are denoted respectively by 




)‘ 


e + (t) 


W r J D > - 


'rm 


(t) 


e r (t) 


and W t€ (D) = 


tm 


(t) 


of equations (5.5.1) and (5.5*3) we obtain 


* t w 


on the basis 


- k pot8 r r - V D > e r< t)] - 


(5.5.*0 
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Vt) = r r Cw te (D)e t (t) - W re (D)e r (t)]. 


(5.5-5) 


It should be noted that in these equations 


23k 


W t€(D) = kT W t (D) 
tc 


and 


W re (D) = — W r (D). 
re 


The block diagrams corresponding to equations (5-5-and (5*5.5) are 
shown in figures 5-l6a and 5-l6b, respectively. 

On the basis of expression (5.U.2), it is possible to obtain the follow¬ 
ing coordinator equation ensuring the formation of the voltage ujj, correspond¬ 
ing to the approximate method of parallel approach which technically is most 
easily feasible 

u h^) = kpotd r r - u r^) * at( - ) " - (t) r '~ [Ue(t) ’ U t (t) ] }> (5.5.6) 

where Up r (t) is the voltage characterizing the distance r between the rocket 
and control point; u g (t), u^ and u^ r (t) are the voltages reflecting the angles 
e Q and the distances r^ and r r . 

In the writing of the equation (5.5*6) it was assumed that the voltage 


u ^-t-(t) - u a ^(t) _ 

u res s u t( t ) - M*)- —( t y - &*«(*) - u t 


produced in the computer in the long run is converted by the range potenti¬ 
ometer . 

If the output signal of the coordinator is expressed in linear units de¬ 
fining the deflection of the center of mass of the rocket from the reference 
trajectory, it is possible to find the second form of the coordinator equation 


k m (^) = r r ( e tm“ e rm^ “ ( r tm “ r rm^ ( e 0m “ e tm^> 


(5.5.7) 
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where r, , r and €_ are the measured values of the distances r + and r_ and 
tm 7 rm Om ^ r 

also the angle €q. 

In this case. r. and r differ from r. and r„ by the value of the meas- 
7 tm rm t r ^ 

urement error, and e. - characterizes the accuracy of the apparatus used in 

um u 

setting the angle e^. 

We note that the second form of the coordinator equation in the parallel 
approach method is obtained the same as for the coordinator which is used in 
rocket guidance by the coincidence method. 

It also should be emphasized that in determining the equation (5*5-7), the 
scale factors for the instruments for measuring the angles e r and the pick¬ 
up for the angle were assumed to equal one another. The scale factors for 

the distance measuring instruments and pickup r^, r r and r « r r also were 
considered identical. 


Expression (5*5*6) can be used in constructing the block diagram for /235 
the coordinator shown in figure 5 * 17 * I n such a coordinator the master con¬ 
trols serve for conversion of the angle and the distance rp r into voltages. 

We recall that equations (5*5*6) and (5*5*7), as well as the diagram shown in 
figure 5*17, are correct only if the TCI and RCI are in the same place. 


Figures 5*l8a and 5*l8b show the block diagrams corresponding to equations 
(5*5*6) and (5*5*7), respectively. In the representation of these block dia¬ 
grams, it was assumed that the transfer functions N,(D), N, (D) and N (D) are 
. . x xr rr 

equal to 


S t (D) 

N r (D) 


u at (t) 


, H tr (D) = 


r tm (t) 
r t (t) ’ 


U-. (t) 

rsn 


r (t) 
rm 

r (t) * 
r 


In case it is necessary to use the approximate method of parallel approach 
corresponding to equation (5.4.2a), or the precise method of parallel approach, 
the functional and block diagrams of the coordinator should be developed in 
accordance with equations (5.4.2a) and (5.4.3)* the same as in the preceding 
case. 


If the rocket and target sighting apparatus are not situated at the same 
place, it is necessary to introduce into all the cited equations and diagrams 
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Figure 5*17 


appropriate changes because of the presence in the computer of instruments /236 
for the scaling of e^, e r , r^ and r r from one coordinate system to another. 

In addition to regulating the position of the center of mass of the rocket 
in accordance with the signals characterizing the linear deflection h, it is 
possible to construct a coordinator for guidance by the parallel approach 
method in such a way that during the control process there will be formation of 
commands determining the value of the deflection of the vector v from the 
stipulated direction. In this case, the coordinator should be constructed on 
the basis of equation (2.8.5). 

In order to ensure the transition of a winged rocket into a dive or cut¬ 
off of the engine of a ballistic rocket, the signals of radar measuring instru¬ 
ments are used for the computation of the remaining range from the rocket to 
the target or the value of the velocity vector tangent to the trajectory, 
respectively. 
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b 

Figure 5.18 


2. Coordinators Based on Use of Radio Navigation 

Sighting Apparatus 

Radio navigation apparatus only makes it possible to measure rocket /237 
coordinates. Therefore, as already noted, command control systems based 
on radio navigation sighting apparatus can be used only for guidance of rockets 
along fixed trajectories. The simplest coordinator is obtained in those cases 
when a winged rocket moves on the main segment of the trajectory with a con¬ 
stant course at a constant altitude, and goes into a dive at a stipulated dis¬ 
tance from the target on commands transmitted from the control point. In such 
a flight regime, the coordinator of the command control system is constructed 
for the determination of the linear deflection of the center of mass of the 
rocket from the reference trajectory in the horizontal plane only and the dif¬ 
ference between the remaining and stipulated ranges between the rocket and the 
target. In this case, the stabilization of rocket flight altitude is accom¬ 
plished by an autonomous control system. 

In command control of ballistic rockets the coordinator should produce 
signals characterizing the deflection of the center of mass of the rocket from 
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Figure 5*19 


a reference (fixed) trajectory in the horizontal plane and the signal deter¬ 
mining the time of the equality of the values of the stipulated and current 
velocities v gt and v. 

Radio navigation sighting apparatus for coordinators of command control 
systems can include Doppler instruments for measuring velocity and angle¬ 
measuring, range-finding, angle-measuring—range-finding and add-subtract— 
range-finding apparatus. 

When using an angle-measuring radio navigation apparatus, the functional 
diagram of the coordinator has the form shown in figure 5*19* This diagram 
differs from the diagram shown in figure 5.15 due to the absence of an instru¬ 
ment for measuring the angle e and the presence of a radio transmitter Tr 

aboard the rocket. The instrument for measuring the angle is replaced by 

master controls which convert the stipulated angle e^_ into an electrical sig¬ 
nal . 

The equations and the block diagrams for this coordinator can be obtained 
from equations (5*5**0 and (5*5.5) under the condition that in them 


and 


u = W (D)e = const 


W te (D) = 1. 


It should be noted that with the separate placement of the control point /238 
and the instrument for measuring the angle e , the coordinator should be 

supplemented by a system for the transmission of the voltage u . 

If the coordinator is based on the use of an angle-measuring— range¬ 
finding radio navigation apparatus, its makeup remains the same as in a control 
system based on a fixed radio zone. However, the coordinator apparatus which 
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Figure 5.20 


is carried on the rocket in radio zone control systems should be located on the 
ground in command control systems, and may or may not coincide with the control 
point. Figure 5*20 shows one of the possible functional diagrams of a coordina¬ 
tor under the condition that the control point and the ground radio apparatus 
of the coordinator are situated at the same place. The angular coordinates of 
the rocket and the range to it are measured by apparatus located on the ground. 
The signals necessary for the operation of this apparatus are received from a 
radio responder carried on the rocket and ground radio apparatus. The latter 
includes a computer, a transmitter (an interrogator), a receiver, an instrument 
for measuring the angular coordinate of the rocket and an apparatus for meas¬ 
uring the distance between the rocket and the control point. In those cases 
when the ground apparatus of the radio navigation sighting apparatus is situ¬ 
ated away from the control point, the coordinator is supplemented by a system 
for the relaying of the signals characterizing the mismatch parameters. 

It can be shown that the equations solved by the computer and the block 
diagram of the coordinator for command control systems and systems of radio 
zone control with angle-measuring—range-finding radio navigation apparatus are 
similar. This follows from the common character of the signals determined by 
the radio navigation sighting apparatus of the coordinators. 

The functional diagram of one of the possible variants of coordinators 
based on the use of range-finding radio navigation apparatus is shown in figure 

5.a. 


The rocket carries extremely simple equipment—a radar responder designed 
for reradiation by the transmitter Tr of the radio signals to the ground sta¬ 
tions A and B, in response to the signals arriving from them to the receiver 
fe-'. If the transitters Tr A and Tr B of stations A and B operate at the same 
vavelength, they should form coded signals so that the transmitter Tr of /239 
the radio responder can answer separately for both station A and station B. 

When t,he transmitters Tr A and Tr B operate at different frequencies, two radio 
receivers should be carried on the rocket. 
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Station B 



5, Instrument for measuring distance r 

6, Instrument for measuring distance r 

Figure 5-21 


For the normal 
sighting apparatus, 
synchronized by the 


operation of the entire complex of radio apparatus of the 
the operation of the transmitter Tr B of the station B is 
synchronizer Syn of the transmitter Tr A of station A. 


The receivers Rec A and Rec B receive the signals of the responder and 
feed them to the apparatus for automatic measurement of distances r^ and r^ 

from the stations A and B to the rocket. This apparatus also is fed synchroni¬ 
zation signals from the transmitters Tr A and Tr B, setting the zero for 
reading of r A and r-g. 


Since in this case it is assumed that the control point coincides neither 
with station A nor station B, the coordinator includes data transmission sys¬ 
tems. These systems consist of coders Cod^ and Cod.^, transmitters Tr^ and Tr^ 

for the transmission of information on the distances r. and r , a receiver Rec, 

A B’ 1 

and a decoder Dec. The Dec output is connected to a computer which is fed the 
U A* u ta’ u lb’ U AB an< ^ U y C ’ characterizing the distances and r^ from 

stations A and B to the rocket, the distances l and l, from stations A and B 

a b 


to the target, the distance r between stations A and B and also the angle v„ 

AB c 

between the directions "target-station A" and "target-launching point." 


On the basis of information onr,r, l, l , r and v , the computer 

A' B* A' B* AB T c’ y 

produces signals u z and u rQ , determining the linear deflection of the center of 
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mass of the rocket from the reference trajectory in a horizontal plane. In 
this type of coordinator and the coordinator of a radio zone control system 
with range-finding radio navigation apparatus, the very same parameters of mo¬ 
tion of a rocket are measured. Therefore, the equations solved by the com¬ 
puters of these coordinators will be identical. The same can be said of the 
structural diagrams if all the apparatus for measurement and transmission of 
data on the distances r^ and r^ is assumed to be included in the corresponding 
measurement instruments. 

This discussion of the coordinators of command control systems with radio 
navigation instruments for measurement of coordinates reveals that, in their 
functions and in the structure of their computers, they are similar in many 
ways to the coordinators of fixed radio zone control systems. However, there 
is one important difference between them: in command control systems, all the 
most unwieldy coordinator apparatus is on the ground. As a rule, the rocket 
should carry only a relatively small responder. 

The computer at the control point, when there is a change of the ini- /241 
tial data introduced into it, makes it possible to determine the form of the 
reference trajectory, which in some cases can be desirable from the tactial 
point of view. 

When Doppler instruments are used for measuring velocity for course and 
range control of rockets, the coordinator must include several (not less than 
3-4) ground stations ensuring determination of the radial velocities of motion 
of the rocket in different directions and a corresponding computer. The sim¬ 
plest such coordinator is obtained for systems producing commands for control 
of the cutoff of the engine of a ballistic rocket. 

Figure 5.22 is the functional diagram of one of the possible variants of 
such a coordinator. 


A radio transmitter Tr 


1 


and a radio receiver Rec-^ are set up at the point 


of intersection of the Earth's surface with the tangent to the trajectory of 
motion of the rocket for the presumed time of cutoff of the engine. The re¬ 
ceiver and transmitter are interconnected by a frequency multiplier which 


increases the frequency f^ of oscillations radiated by the transmitter Tr^ by 

times, where n^ is any whole or fractional number. 

With withdrawal of the rocket, the input of its receiver Recg re- /242 
ceives signals with the frequency 




0 


y 


vhere f d = — f 0 is 


the Doppler frequency and v^ is the radial component of rocket 


velocity. 
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Responder 



Figure 5.22 


The frequency multiplier IMg increases the frequency f by n^ times. As 
a result, the transmitter Tr^ produces a voltage with the frequency 


f = n (f - F ). 
2 10 D 


At the output of Rec-^, the responder signals formed by the tramsmitter 


Tr^ will have the frequency 


f 3 ■ f 2 - - V 


The signals having the frequency f_ are mixed with the voltage received 
from the output of ^ 

In the mixer of the receiver Rec^, there will be a difference frequency 
voltage 


F d " 


n l f 0 f 3 w 2n ' f ' 


1 c 


(5.5.8) 
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We note that expression (5.5*8) was derived neglecting the extremely small 


term n F —. 
1 D c 


Formula (5-5-8) shows that F,j and v r are related by an unam¬ 


biguous dependence and when the rocket attains a specific velocity of motion, 
the frequency F^ becomes equal to F g ^.. At the time when F^ = , a signal 


should appear at the output of the coordinator. For this reason, in the con¬ 
sidered coordinator, the difference frequency voltage F^, after passing through 


the amplifier Amp^, is fed to the frequency bridge FB. At the output of this 
bridge, to one of whose diagonals the amplifier Amp-^ is connected and to whose 
other diagonal the amplifier Amp^ is connected, a non-zero voltage is formed 
when Fq ^ F g ^. and a zero voltage when F^ = F^. 


The rectifier Rect creates a dc voltage which is fed to the winding of the 
electromechanical relay Relay. The contacts 1 and 2 of the relay Relay to 
vhich the dc voltage +U is fed are open when F,j / Fg-^. When F^ becomes 

equal to F^, the contacts 1 and 2 close, creating the output voltage u 

vhich is used for forming commands for cutoff of the rocket engine. 


5.6. Errors of Coordinators of Command Control Systems 

In many cases, in coordinators of command control systems, the errors /243 
arising due to amplitude and angular fluctuations of signals arriving from 
the target and interference created by the enemy are of basic importance. In 
addition, dynamic errors occur—errors caused by the instrument noise of the 
receivers; instrument errors; errors caused by yawing of the rocket carrier, if 
the entire coordinator or part of it is carried aboard the rocket carrier, etc. 

An analysis of the errors of coordinators with add-subtract— range-findingJ 
angle-measuring, range-finding and angle-measuring—range-finding radio naviga-1 
tion measurement instruments can be made the same as described in chapter 4. 

This is because the equations are the same for both types of coordinators if it 
is assumed that the data transmission systems are inertialess, and their errors 
are taken into account when determining the errors in measurement of the angu¬ 
lar coordinates of the rocket and the distances from it to the corresponding 
ground radio apparatus. 

Therefore, in this section we will consider only coordinators which in¬ 
clude radar sighting apparatus and Doppler instruments for measurement of 
velocity; errors of coordinators of the second type will not be analyzed here. 

In the case of coordinators of the first kind, we will take into account the 
dynamic errors and also the fluctuation errors whose sources are various kinds 
of radio interference. The dynamic errors for each particular type of rocket 
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guidance for a given hypothesis on the motion of the target are determined 
functions of time, although under some conditions which were discussed in chap¬ 
ter 3 they also can be considered random functions of time. Instrument errors 
are not taken into account because they are different for different models of 
coordinators and, in most cases, are negligibly small. The principal problem 
in an analysis of fluctuation errors is determination of the mathematical ex¬ 
pectation and spectral density of the distortion of the mismatch parameter, 
expressed in linear units. We will assume here that effective interference 
does not lead to the appearance of nonlinear relationships between the output 
and input signals of the measuring instruments making up the coordinator. 

Conversion from errors expressed in linear units to errors in the form of 
a voltage (current), which is necessary for determination of the miss of the 
rocket as a result of analysis of the guidance circuit as a whole, is accom¬ 
plished as was described in the preceding section using a scale factor k^ = 

kpotdk rc under the condition that k^ c = k rc = k e and kp r = k^ = k^ r . We note 

that here k € , kp rr k^ and k^ r are scale factors relating the voltages /2*+^ 

u e , Up r , u^ and u^ r to the angle and the distances rp r , r^ and r r . The 

need for data on the distortions of the parameter h and not its individual com¬ 
ponents is due, if for no other reasons, to the fact that in such a formulation 
of the problem: 

—the random input signal arriving at the apparatus for forming and trans¬ 
mission of control commands is determined; 

—it becomes possible to make an approximate estimate (without taking the 
guidance circuit as a whole into account) of the deflection of the center of 
mass of the rocket from the reference trajectory; 

—conditions for comparison of methods of rocket guidance on the basis of 
the values of the distortion of the mismatch parameter are ensured; 

— in the interpretation of the equations of the control system by means of 
computers, regardless of the number of measuring instruments in the coordina¬ 
tor, only one apparatus is required for producing signals which simulate random 
perturbations at the input of the apparatus for forming and transmitting con¬ 
trol commands. 

The essence of the method for evaluating coordinator errors is as follows. 
The first step is computation of the distortions of the mismatch parameter in 
dependence on the errors of the individual measuring instruments making up ihe 
coordinator. Then the errors of the measuring instruments are determined as 
functions of the input interference, the parameters of the motion of the tar¬ 
get and the internal properties of the measuring instruments. 
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1. Errors in Measurement of the Mismatch Parameter 
in Rocket Guidance by the Coincidence Method 

It follow’s from equation (5-5-5) that the output signal of the coordina¬ 
tor for the vertical rocket guidance plane is the difference between two com¬ 
ponents. One of them is determined by the law of the change of the angle 

and the other by € p . This circumstance Mid also allowance for the properties 

of linearity of the coordinator in the case of a "frozen" distance r r make it 

possible to represent the dynamic error h^ c of the coordinator, considered as 

a determined function of time, in the form of the difference of the components 
hjci and h^^- The errors h^ c ^ and h ^ c 2 arise due to the dynamic properties 

of the measuring instruments with the transfer functions W te (D) and W re (D), 

respectively, and are dependent on the character-of the change of and 
with time.. 

Then it is possible to write 


h dc “ h dcl - hg c 2 - r r ( € td * € rS^ 


(5-6.1) 


-'here and are the dynamic errors In determination of the angular coor¬ 
dinates of the target and rocket. 

In accordance with the method described in chapter 3* the components / 2k^> 
and e^ can be found from the following expressions 


'-here 


t 8 — C 0 s t(*) + *6 ~2 + • • •• 

( 5 . 6 . 2 ) 

■pQ = ^O e i*(0 “l - "(0 + ~2 e 2 s r(t) ”}“•••» 

( 5 . 6 . 3 ) 

d" r 1 1 

c * — dDn Li + ur tr <£>)J Di0 - 

( 5 - 6 . 4 ) 

d» r l 1 

— dD*[\+ W tt (D)\ d ^' 

( 5 . 6 . 5 ) 


V (D) “ 1 - W te (D) 


is the transfer function of the open circuit of the track- 

is the 


ing system determining the angle e , and W (D) = 

t rr 


w Jr>) 

re 


1 - W re (D) 
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transfer function of the open circuit of the tracking system determining the 
angle e r> 

It follows from expressions (5.6.l)-(5-6.5) that the value h^ c is easy to 

determine if the functions e (t), e (t), W (D) and W (D) are known and also 

"t i* "tr rr 

the value of the coefficient r_ « r for the selected time. 

pr r 

We note that for a given law of change e (t), the function e (t) can be 

t r 

determined with a sufficiently high degree of accuracy by the graphic construc¬ 
tion of reference (kinematic) trajectories. 

Computation of the dynamic errors of the coordinator is simplified con¬ 
siderably in those cases when W. (D) = W (D) and (5-5-5) 

r€ 

h m (t) = W te (D) r pr [e t (t) - € r (t)] = W te (D) h(t). (5-6.6) 


This expression shows that it is sufficient to know the law of change of 
h(t) with time and the function W^. g (D) in order to be able to compute h^ c . The 

function h(t), being the controlling function, can be found approximately 
for given parameters of motion of the target and when taking into account the 
ideal coherence equation for the coincidence method. 

For example, if 


then when 


WU£>) = 


2 k x D 4- coq 
~D 2 




(5-6.7) 


where v^^ is the velocity of motion of the rocket along the line between /246 

the control point and the rocket; a-^ and a 2 are coefficients of the polynomial, 

-2 -4 2 

v = 70 m/sec, a^ = 3-66*10 sec, a^ = 2.73*10 sec and t = 50 sec and the 
dynamic error is h^ c = 26.2 m. 

The fluctuation error of the coordinator, expressed in linear measure and 
caused by different kinds of interference, can be determined on the basis of 
equation (5-5-3)- As before, the range r is assumed to be a constant value 
and equal to r r . p 
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We will assume that the input of tracking systems reacting to the angles 
and € r , in addition to the signals €^(t) and e r (t), are acted upon by 

"noise” angles 6 (t) and e (t), representing stationary random functions of 

tn rn 

time. The functions e (t) and € (t) are determined by scaling of the fluc- 

tn rn 

tuation components of the voltages forming at the output of the discriminators 
of the corresponding measuring instruments (at the output of the phase detec¬ 
tors in systems with conical scanning). Scaling of the voltages into the 
values of the angles can be accomplished using the direction-finding charac¬ 
teristic or by using the coefficient k , if the direction-finding charac¬ 
teristic is linear. c 

The statistical characteristics (mathematical expectation and spectral 
density or correlation function) of the ”noise” angles are determined during 
an investigation of measuring instruments, taking into account the effect on 
them of some form of interference. In solution of the problem of the random 
errors of coordinators, these characteristics are considered known. 

Taking into account the presence of the "noise” angles e (t) and e, (t), 

rn x>n 

we obtain the following expression determining the instantaneous value of the 
mismatch parameter h c (t) 


h (t) = h (t) + h (t) = r [e (t) - e (t) + e (t) - e (t)], ( 5 . 6 . 8 ) 

c' ' nr ' mn' ' pr tm v rm v ' tnm v ' rnm' ' * w ' 


where h mn is a component of the mismatch parameter caused by the "noise" angles 

€ tnm^) and which act at the output of tracking systems with the 

transfer functions W, (D) and W (D). 

X6 r G 

We find from equation ( 5 . 6 . 8 ) that 

h (t) = r [e. (t) - e (t)L (5.6.9) 

mn' ' pr tnm v ' rnm v ' ’ K 

where 

e (t) = W.-(D) e (t) and e (t) = W „(D) e (t). 
tnm' ' te' ' tn v ' rnm ' re' ' rn v ' 

Averaging for the ensemble or time (which is dimensionless for ergodic 
stationary processes) the right- and left-hand sides of expression (5.6.9), 
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for the mathematical expectation h mri (t) of the distortion of the mismatch / 2 V 7 
parameter h^^t) we obtain 


• h (t) = r [e. (t) = e (t)]. 

mn pr trim' ' rnm 

In practice, most frequently, = e r nni (t) = 0. Since the functions 

e + nm (t) and e rnm (t) usually are mutually independent (as a result of the con¬ 
siderable difference in the arrival time of radio waves from the rocket and tar¬ 
get), then 

°hW " r pr [t W a,) + <5.6.10) 

where Gj 1 (a>) is the spectral density of the distortion b (t) of the mismatch 
parameter; G^-^Cu)) and G r nw ,(u)) are the spectral densities of the random func- 

tions «tnm( t ) and e rnm( t )’ 

But 

0 tnm (<“) • i''t«U'»)| 2 8tn<“) ( 5 . 6 . 11 ) 

and 

G (ul») = IW (juu) I ^ G (in). (5.6.12) 

rnm J re'° 'I rn 

Here 

W r .(J' 0 )=W T .(D) \ D .j„, 


G tn (ou) and G rn (iu) are the spectral densities of the random functions e^. n (t) 
and e rn (t). 


Substituting the determined values G. (ou) and G (id) into expression 
/c . c . ,, . tnnr ‘ rnm' ‘ * 

(5-6.10), we obtain 


G h (lu) = r pr [ l W te (jtu) | 2 G tn (u)) + I W re (jU)) | 2 G rn (u,)] - (5-6.13) 


If it becomes necessary to compute the dispersion a of the random func- 

h 


tion h mn (t)j expression ( 5 . 6 . 13 ) should be integrated for all frequencies 


ud. 
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As a result of integration we find 


where 


2 

a 

h 



/ 2 2 v 

(a + a ), 
tnm rnm 


°tnm ” i J I W U (/•) I* G tn W 
0 

oo 

°rnm = if 1 (/•) I 2 ^rrH 

0 


(5-6.14) 

(5.6.15) 

( 5 . 6 . 16 ) 


Since the passbands of the tracking systems of the measuring instru- /248 
nents usually are considerably smaller than is the passband of the apparatus 
for measuring the mismatch volt&ge, it can be assumed that in the integrals 

(5.6.15) and ( 5 . 6 . 16 ) 


G tn (w) - G tn (0) 


tn 


AF 


el 


and G (cjd) « G (0) 
rn v / rn x J 


o 


2 

rn 



2 2 

Here a and o are the dispersions of the "noise” angles and e ; AF and 
tn rn tn rn el 

AF e 2 are the effective passbands of the instruments for measuring the mismatch 

voltage (for example, phase detectors in systems with conical scanning) on the 
basis of angular coordinates. 

If we introduce the effective passbands of the tracking systems of meas¬ 
uring instruments 


oo 

I w t •(/“>) \ 2dw - 

o 

oo 


in accordance with expressions ( 5 . 6 . 13 ) and (5.6.14) we obtain 


o* <•>= & [l w u (/•> l‘sfg + 1 Vi. (/.) p 4;] • 

o 2 = r 2 (a 2 — ei-4-o 2 A/=er > l 
A pr\tn^i ' mA/B 2 /' 


(5.6.17) 

( 5 . 6 . 18 ) 
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When 


Wt. (/“)= W^r. (/»). 


and 



( 5 . 6 . 19 ) 

( 5 . 6 . 20 ) 


The derived expressions ( 5 . 6 . 17 ), (5.6.18), ( 5 .6.19) and (5.6.20) make it 


possible to compute (cju) and a*, provided r , a tn , a rn , AF el , AF^, W + (juu) 


AF et AF er 

and W (jd)) are known. As an example, we point out that when- = - = 0.5, 

r AF AF 


el 


e2 


a = a =0.2° and r„ = 10 km, the value a, is approximately 30 m. In prac- 
tn rn P r h 

tice, if the effect of artificially created interference is not taken into ac¬ 
count, the error of the measuring instrument is of basic importance, /2 bQ 

since it is fed signals from the target, which fluctuate in amplitude and phase. 

— p 

At the same time, the errors e and a need not be taken into account 

rnm rn 

because the instrument measuring the angle usually is fed virtually nonfluc¬ 
tuating signals from the rocket responder. 

The errors of the coordinator, expressed in the form of a voltage, are de¬ 
termined on the basis of expression (5*6.9)* after multiplication of the scale 

factor k, = k ,-.k under the condition that k = k, . We recall that the 
h potd rc rc tc 

problem of conversion from a voltage to signals in linear and angular units was 
discussed in detail in the preceding section. 

Denoting the voltages corresponding to h (t), e (t) and € (t) through 

mn tnm rnm 

u (t), u ,(t) and u (t) we will have 
nc 7 nt nr 


u nc ~ ^potd r pr Eu n -j-(t) ^t(0) - u nr (t) W r (0)], 


G (u>) = k 2 , or 2 [ 
nc poto pr 


W t (jw) G ni >) + 


W r (ja>) 


G (tu)], 
nr N 7 


( 5 . 6 . 21 ) 

( 5 . 6 . 22 ) 
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(5.6.23) 


nc 


= k 2 r 2 
potS pr 


U -^-et 
\ nt Ai*, 


+ a ; 


AF, 


er 


nr A^ a 


)• 


where W^.(0) and W r (0) are the transfer constants of the instruments for measur¬ 
ing and e r ; G nc (iu), G n ^.(u)) and GnpC 00 ) are the spectral densities of the ran- 

P p p 

dom components of the voltages u nc (t), u^Ct) an< 3 u nr^ J nc’ nt an< ^ nr are 
the dispersions of the voltages u nc (t), u (t) and u (t). 

a 2 a 2 

If W t (ju)) = W r (j<»), and G nt («u) « G nt (0) = and G nr (cu) « G nY .(0) = nr 


AF 


el 


nr' 


AF, 


e2 


for frequencies lying within the limits of the passbands of the tracking sys¬ 
tems, we obtain 

°»e W - , WaV|VH a (% + ^) i 


a 2 = k 2 ,r 2 AF 
nc poto pr et 


\A£,^ 


The values u , , u , G , (cu) and G (cu) and also the parameters related to them 
nt nr’ nt nr v 

through scale factors, « tnm = W te (0) \ n , 7 rnm = W re (0) e rn , G tn (u>) and G rn (w) 

are determined, as already noted, on the basis of an analysis of the influence 
of the noise in the radio receivers and in the discriminators of the measuring 
instruments. It should be recalled here that in the absence of artificial 
interference, the errors u ^ usually are absent and G nr (u)) is negligibly small 

in comparison with G^Cu)). 

For example, if a radar set with conical scanning is used as the /250 

instrument for measuring e^, the fluctuations of the amplitudes and the cen¬ 
ter of the received signals lead to errors e , whose mathematical expectation 

is equal to zero. The dispersions are determined by formulas (3.11.25) and 
( 3 . 11 . 26 ). 

When using radar sets determining the angular coordinates by the ’’groups” 
method, the measurement errors e^. caused by fluctuations of the received sig¬ 
nals and the instrument noise of the radio receivers can be determined using 
the formulas presented in reference 62 . 
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Since h mn characterizes the systematic error of guidance of a winged 

rocket situated at a distance r r = v^ T from the control point, and is the 

maximum possible mean square deviation of the center of mass of the rocket 
from the reference trajectory, in accordance with the formulas derived earlier, 
it is possible to impose requirements on the accuracy of determination of the 
angular coordinates by the rocket and target measuring instruments. 

If a coordinator of the considered type is used for guidance of a bal¬ 
listic rocket, the values h ^ and G, (0), determined for the horizontal control 

plane, are the initial data for computation of the rocket miss at the end of 
its flight. 


2. Errors in Measurement of the Mismatch Parameter when 
Guiding a Rocket by the Parallel Approach Method 

Since the quality of rocket guidance in the last stage of its flight, when 
r t " r r 

- « 1 is of basic importance, in an analysis of errors of a coordinator 

P pr 

of this type, it is possible to limit ourselves to a consideration of the ap¬ 
proximate method of parallel convergence, characterized by equation (5.4.2). 

The dynamic errors of the coordinator are determined by the same method as 
used for a coordinator of the preceding type. 

The coordinator equation (5-5.7), where h is dependent on the measured 

values e -t m , e rm y r tm an ^ r rm’ an ^ a ^ so on € 0m and T r’ non l inear * However, 

in those cases when the most probable distortions of the distances r^ and r r 

are small in comparison with the values r^ and r p themselves, which always is 

the case if artificial interference is not taken into account, the function 
h (t) can be linearized. Then the instantaneous value of the error h (t) 

caused by the "noise" angles e ^. nm (" t ) an & € rnm ^) an d the "noise" ranges r ^ nm ( t ) 

an d r rnm (t), acting at the outputs of the corresponding tracking systems, is 

determined as the full differential equation (5.5*7)• In this case, the par¬ 
tial derivatives of h m (t) for different parameters should be sought for /2^1 

those values of angles and ranges which are obtained in the absence of inter¬ 
ference . 

Then, on the basis of equation (5*5*7) when r r = r we find 
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hjanCt) - Tp r C e tnm^^ " e rnm^^ " ^ r tnm^^ “ r rnm^^ ^ e Ora ~ e tm^^ 


+ t r tm (t) - r m (t)] « tnm (t). (5-6.24) 

Usually r tm , r m and e tm change considerably more slowly than r tnm , r rnm 

and e tnm , and the error in stipulation of the angle e Q and the dynamic errors 

in measurement of range and angles r t , r r , and e r are negligibly small in 

comparison with the ranges and angles themselves. The last condition means 
that r tm » T t> r rm ** r r> e tm « e t> e rm « e r and e 0m ** e 0- Then > takin g into 

account the nondependence of the functions e r , r^ and r r , we obtain 


4 mn ('t) - rp r C®tnm^^ 

- ernm^J + ( r t ’ r r) Hnm^) 


- ( e 0 - e t) 

^tnm^) - r rnm( 1 ^> 

(5-6.25) 

0*H = rS p {(l + 

!*’■(/•) 1’ o m (») + 


+ 1 Wp. (/•)!■ OpnH 

+ <ft^. [| ^ Br(/ . )| . 0iirW + 



(see key below) +l%r(/•)!*Opr(•)]}. ( 5 . 6 . 26 ) 


where G^ r (ou) and G rr (u>) are the spectral densities of the fluctuations r -£ nm (t) 
and r rnm (t). Taking into account the earlier comments on the width of the pass- 

bands of the tracking systems and the frequency range occupied by the spectral 

densities G. (<ju), G (ou), G, (<u) and G (tu), we obtain 
tn ' rn ' tr rr '’ 


up = pr 
U = t 
p = r 

un = tn 
pn = rn 
3 = e 



(5-6.27) 


( 5 . 6 . 28 ) 
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2 2 

where a^ r and a rr are the dispersions of the random functions r t nm (t) and 
r rnm^^ ; ^ F e3 an< * AF g ^ are e ^ ec ' t i ve passbands of the discriminators in the 
voltage-measuring instruments, characterizing r^ and r r ; AF tr and AF rr are the 

effective passbands of the tracking systems of the instruments for measuring 

r. and r . 
t r 

The formulas ( 5 . 6 . 26 ), ( 5 . 6 . 27 ) and ( 5 . 6 . 28 ) make it possible to com- / 252 
2 

pute G^(a)) and cr^ for stipulated parameters of the coordinate measuring instru- 

2 2 2 2 

ments and stipulated dispersions a, a , or and a , and also to formulate 

tn rn tr rr 

requirements as to the necessary accuracy of operation of the measuring instru¬ 
ments, using as a point of departure the admissible errors of rocket guidance. 
Here, as in the preceding cases, the errors e^. n and r^. n are most important. 

By knowing h mn (t) and ^( 00 ), it is possible to determine easily the 

mathematical expectation u nc (t) and the spectral density G nc (u>) of the voltage 

u nc (t), characterizing the coordinator error. This is done by multiplying 

h (t) and G, (cu) by the scale factor k = k ^k and its square, respectively, 
mn h h potd rc 

assuming that the coefficients relating the angles 6^, e r and 6 q with the volt¬ 
ages u.j., Uj. and u g are equal to one another. In addition, it also is necessary 
to consider identical the coefficients by means of which r^., r r and rp r are con¬ 
verted into voltages reflecting the distances r^, r r and r « r^. 

In actual practice, when taking into account fluctuations of natural ori¬ 
gin, the mathematical expectation of the distortions h (t) usually are equal 

to zero. Therefore, we will compare the dispersion of errors arising during 
rocket guidance by the coincidence method and the approximate method of paral¬ 
lel approach. In the comparison, we will assume that the coordinate measuring 
instruments have identical parameters in both types of coordinators. 

Comparison of expressions ( 5 . 6 . 18 ) and ( 5 . 6 . 28 ) makes it possible to draw 
the following conclusions: 

(1) in the coincidence method, the distortions of the mismatch parameter 
are smaller than in the parallel approach method; 

(2) in the parallel approach method, the dispersion of error decreases 
with approach of the rocket to the target and essentially is dependent on "the 
value £q - e t ; 
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(3) with an increase of the rocket guidance range, the errors decrease in 
the parallel approach method, approaching the errors of the coincidence method. 

In addition, it should be noted that the minimum errors in the parallel 
approach method in the region where the rocket meets the target, coinciding 
with the errors in the coincidence method, occur when = 0. Satisfac¬ 

tion of the condition - e^. = 0 corresponds to guidance by the parallel ap¬ 
proach method of both the rocket and the control point under the condition that, 
at each moment of time, the center of mass of the rocket is on the straight 
line connecting the control point to the target. In essence, the latter means 
rocket guidance by the coincidence method in relation to the control point, 
which itself is guided to the target by the parallel approach method. 

On the basis of the first conclusion, it can be affirmed that in the /253 
parallel approach method, it is necessary to expend a greater quantity of 
the available rocket overload on the elimination of fluctuation errors than in 
the coincidence method. 

However, as already pointed out, the coincidence method has worse dynamic 
properties than any of the rocket guidance methods based on a future position. 
The guidance method and therefore the type of coordinator must be selected in 
accordance with the application of the principle of the minimum of the rocket 
error in rocket guidance. 


3. Errors in Determination of Flight Velocity 
of a Ballistic Rocket 

In coordinators for determination of the time when a ballistic rocket at¬ 
tains a specified flight velocity, there usually are no elements with signifi¬ 
cant inertia. Fluctuation errors, therefore, play the most important role. 

It follows from an analysis of the operation of the apparatus whose dia¬ 
gram is shown in figure 5*22 that the voltage u ^ forming at the output of 

the rectifier Rect, as a result of the influence of various kinds of inter¬ 
ference and the inaccuracy of operation of individual elements of the circuit 
(especially the frequency bridge) will not reflect the frequency F^, but some 
other frequency F^ . Therefore 


dm 


= F. + AF^ 


where AF^ is the error in frequency measurement. 

Since F^ is a function of v r and f , by using the method of finding the 
total differential, on the basis of expression (5-5*8), we obtain 
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(5.6.29) 




where Av r is the error in determination of the radial flight velocity of the 
rocket; Afg are the fluctuations of the carrier frequency f q in the radio trans¬ 
mitter Tr-^ (fig. 5*22). 

The relation ( 5 . 6 . 29 ) characterizes the instantaneous value of the error 
Av r . Therefore, carrying out statistical averaging and taking into account 


that AF^ and Afg change independently of one another and also independently of 

and f^, for the mathematical expectation Av r and the spectral density G v ((u) 

we find _ _ 

_ bF d A/ 0 \ 

A^ ®r\ /»/' ( 5 . 6 . 30 ) 

(5.6.31) 


= (°>)j. 


where Gp(cu) and G^.(io) are the spectral densities of the random functions /25^ 

AF^ and Af^. 

The relations (5.6.30) and (5.6.31), making possible computation of Av r 
and G v (ou), show that in order to decrease the errors it is desirable to select 
the largest possible values fg and F^, where F^ for a specified velocity v r 
changes directly proportional to f^. 

2 

In accordance with expression ( 5 . 6 . 31 ), for the dispersion ex of error in 
determination of velocity v r we will have 


,2 =. v * i 4 


(5.6.32) 


v r V^d M 

TT 2 2 

Here and are the dispersions of the random functions AFj and Af . 
r 1 a 0 

If a frequency bridge (fig. 5*22) is used as the frequency discriminator 


in the coordinator, 


(1-2)*10 (ref. 2), and therefore for a case when 


= 0 the mean square error a y is 


Digitized by 


Google 




ff v = (l-2)*10" 3 v r 


When v_ = 8000 m/sec, the value = (8-l6) -2-. 
r » 7 v sec 

At the same time, the admissible errors in measurement of velocity for a 
specific effective range Tq of a rocket and the mean square error should be 

determined using formula (2.3.5)* It follows from this formula that the 

a 

values where v^ n = v r at the time of cutoff of the engine should be deter- 

v in 

mined from the condition 


a v 1 a r 
v in 2 r 0 ‘ 


a r — 4 - 

for example, if — = 1*10 , the admissible value - should be 

r 0 v in 



v in 


0 . 5-10 


-4 


It is noted in the foreign literature that for putting artificial Earth 
satellites into orbit and guidance of intercontinental missiles with a high 
accuracy, the error a v should not exceed (0.5-1) m/sec. This means that the 

use of a frequency bridge does not always ensure the necessary quality of the 
radio control system. 

More precise results are obtained when counters of the periods of oscil¬ 
lations having the frequency F^ are used. These counters determine the /2 

number of mentioned periods in the course of some time interval At. 

It can be shown (ref. 2) that when counters are used and a^ = 0, 


v r ** F d At 

£r ;d for = 2, f = 3*10"^ cps and At = 0.01 sec, the error a y is only 0.75 

"•/sec. 

However, it should be remembered that an increase of the frequency F d for 
-u increase of the accuracy of the coordinator is limited by the possibilities 
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of amplification of the oscillations of superhigh frequency (equal approximate¬ 
ly to n f ) aboard the rocket. In order to decrease the influence of fluctua- 
J 10 


tions of frequency f on the accuracy of measurement of v^, 


it is necessary to 


create a master oscillator for the radio transmitter Tr^ with a quartz fre¬ 
quency stabilizer. 


5.7. Principal Problems Solved by Apparatus for 
Forming Control Commands 

Command forming apparatus (CFA) is one of the links of the system for 
forming and transmitting control commands. It is designed for producing sig¬ 
nals (commands) which are related functionally to the mismatch parameters and 
additionally, in some cases, are dependent on the characteristics of motion of 
the target. The signals forming at the output of the command forming appara¬ 
tus are fed to the command control radio link (CCRL) or directly to the auto¬ 
matic pilot of the rocket. The relationship between the control commands and 
the mismatch parameters and the target coordinates is selected in such a way 
as to obtain the required dynamic properties of the control system and ensure 
that there will not be excessive errors in rocket guidance. 

In addition to solving the main problem (forming of commands), the com¬ 
mand forming apparatus also is used for coupling the coordinator to the sub¬ 
sequent links of the control system. For this reason, the use of input and 
output converters which perform no other useful functions other than coupling 
should be avoided in the command forming apparatus insofar as possible. In 
homing, radio zone control and in autonomous control systems, the command 
forming apparatus usually is used for coupling the coordinator to the auto¬ 
matic pilot, whereas in command control systems it is used for coupling the 
coordinator to the command transmission apparatus (CCKL). 

In order for the coupling of the command forming apparatus to the suc¬ 
ceeding apparatus of the control system to be of a high quality, which is 
necessary to ensure stable rocket guidance to the target with the required 
accuracy, the selection of the structure and the principal parameters of the 
command forming apparatus also is tied-in to the structure and parameters of 
the automatic pilot of the rocket or the command control radio link. 

In control systems for ballistic and winged rockets, the command /2^6 

forming apparatus most frequently produces course and pitching control com¬ 
mands which represent continuous or discrete functions of the input signals. 
Accordingly, it is possible to distinguish analog (continuous) and digital 
(discrete) commands. In addition to the mentioned level discreteness of com¬ 
mands, when the commands do not reflect all the possible values of the mis¬ 
match parameters or target coordinates, there is time discreteness character¬ 
ized by the fact that the information on the mismatch parameters is not pro¬ 
duced continuously but at some constant or variable time intervals. 
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If the commands formed in the command forming apparatus are fed directly 
to the automatic pilot of the rocket, they usually should represent continuous 
functions of time. When commands are transmitted by the CCRL, the output sig¬ 
nals of the command forming apparatus can be either continuous or discrete. 

In the case of guidance of antiaircraft guided missiles, in addition to 
course and pitching control commands, it is frequently necessary to form com¬ 
mands for the triggering of the radio fuse, while in the case of guidance of 
winged rockets along fixed trajectories commands are produced for transition 
of the rocket into a dive. At the end of the active segment of their flight, 
ballistic rockets should receive commands from the control point for cutoff of 
the engine or these commands should be produced aboard the rocket. Commands of 
this type usually are called singLe or individual commands. 

Therefore, in a general case, the command forming apparatus produces com¬ 
mands which appear both continuously or at some interval and also once during 
the entire guidance process. Continuous, discrete and individual commands are 
produced during the motion of the rocket after its launching. At the same 
time, the command forming apparatus also frequently solves the problem of 
creating commands for the control of the direction of the launcher in a hori¬ 
zontal (oblique) and a vertical plane, and also some special commands while the 
rocket is being put into a reference trajectory. 

In essence, the command forming apparatus is a computer which operates 
automatically under the influence of coordinator signals or semiautomatically, 
when the initial data are fed into the command forming apparatus by an operator. 

In its design, the command forming apparatus has the form of an individual 
unit or is combined with the automatic pilot of the rocket, as in radio zone 
control systems, homing systems and autonomous control systems. In command 
control systems, the command forming apparatus frequently is a continuation of 
the coordinator computer. 

In accordance with the problems which are solved by the command forming 
apparatus, it must meet a number of technical requirements. One of these is 
ensuring the formation of a given number and form of control commands and also 
the required accuracy of conversion of the input signals into commands. 


5.8. Apparatus for Forming Commands in 
Automatic Control Systems 

In a general case, the command forming apparatus in automatic control /2^7 
systems performs the following operations after the rocket is put into a 
reference trajectory: 

(1) it produces signals characterizing the change of the mismatch parameter 
with time; 

(2) it computes the derivatives and the integrals of the mismatch param¬ 
eters for those planes in which the rocket is controlled; 
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(3) it forms additional compensating signals in dependence on the charac¬ 
ter of the motion of the target; 

(4) it produces individual commands in the form of dc voltage pulses or 
closings (openings) of the contacts of electromechanical relays which regulate 
the feeding of signals to the automatic pilot or the CCRL. 

Differentiators, which are used in forming a signal proportional to the 
derivative of the mismatch parameters, are employed in the command forming 
apparatus (CFA) for ensuring the necessary stability of the guidance process 
and the rapid and smooth putting of the rocket into a reference trajectory. 

The appearing dynamic errors are compensated by introducing into the command 
a component which is proportional to the angular velocity of rotation of the 
control point-target line or other parameters associated with motion of the 
target. If it is necessary to obtain small dynamic guidance errors, appara¬ 
tus is used which ensures producing of commands when there are minimum deflec¬ 
tions of the rocket from the reference trajectory. One of these apparatuses 
can serve as an integrator for which the input action is the mismatch param¬ 
eter. The output signal, produced by the integrator and transmitted eventual¬ 
ly to the automatic pilot of the rocket, will increase until its value becomes 
sufficient for deflection of the control surfaces and return of the rocket to 
a reference trajectory. 

It should be noted that the use of an integrator in the command forming 
apparatus increases the degree of astaticism of the guidance circuit and, 
thereby, makes it possible to exclude systematic error in rocket guidance occur¬ 
ring due to the zero drift in the command forming apparatus and in the auto¬ 
matic pilot, and also due to the asymmetry of the rocket, etc. 

In some cases, the command forming apparatus includes corrective filters 
ensuring acceptable reserves of stability of the control system and improve¬ 
ment of its principal characteristics. 

The output signals of the command forming apparatus in automatic control 
systems can be either dc voltages or pulses characterizing digits in binary 
form, determined by the corresponding state of the electron tubes or other ele¬ 
ments of the memory units. 

Command forming apparatus of the analog type usually is linear with /ff>3 
respect to the mismatch parameters and the compensating signals in the course 
and pitching control planes and in a general case is described by the following 
equation 


K a ’ L 1 (D) 4 m + L 2 (E) S com’ (5.8.1) 

where K = K + jK is the output signal of the CFA: K and K are compo- 
a ay “ az ay az * 

nents of the output signal of the CFA for two mutually perpendicular planes, 
and especially for the vertical and horizontal control planes of the rocket; 
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S = S + jS is the compensation signal fed to the CFA; S and S are 
com cy u cz * e * cy cz 

the components of the compensation signal in planes for which the commands K 

K a 

and K orr are formed; L-. (D) = 7 — is the transfer function of the CFA in symbolic 
az 1 \ 

form in relation to the measured values of the mismatch parameter; L (D) = 


K 


'com 


is the transfer function of the CFA in symbolic form in relation to the compen¬ 
sating signal. 

In expression (5.8.1), the presence of the first term is mandatory, where¬ 
as the second term in some cases can be lacking. 


In addition to the simplest command forming apparatus performing only the 
function of coupling the corresponding inputs and outputs, and also amplifica¬ 
tion of the mismatch parameter, there are CFA with a differentiator, integra¬ 
tor, integrating-differentiating apparatus, dynamic error compensation appara¬ 
tus, etc. Since in most cases control commands for both control planes, regard¬ 
less of their orientation, are produced by identical apparatus, henceforth we 
will consider CFA only for one vertical plane. Moreover, for the input and out¬ 
put signals of the CFA, which will be considered the voltages u a and K a , the 

subscripts "a" will be omitted. If the CFA is connected to the automatic pilot 
of the rocket, in place of K a it is necessary to write K. 

It should be emphasized that the voltage u a characterizes the measured 

value of the mismatch parameter and in dependence on the type of coordinator 
can be denoted u c , u^, etc. 

The functional diagram of a CFA with a differentiating link is shown in 
figure 5-^3. The voltage u characterizing the mismatch parameter, passes 

through the coupling device CD^, the differentiating link DL, the ampli- /259 

fier Amp and a coupling device CD 0 . In order for the output voltage K„ to be 

dependent not only on the derivative u a , but also on the signal u a itself, the 

differentiating link should contain an ohmic voltage divider. The CD^ and CD^ 

ensure the matching of the input and output of the CFA with the output of the 
coordinator and the input of the automatic pilot of the rocket or command con¬ 
trol radio link (CCRL). 


As differentiators it is possible to use R-C circuits, mechanical differ¬ 
entiators, velocity gyroscopes, etc. 

Operation of a CFA of the analog type with a differentiating link DL (fig. 
5 . 23 ) is described by the following equation 
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Figure 5.23 


1 + V 

K a ~ k ! k a i + k t D 

a a 


U 

a 


y 


where is the transfer constant of the amplifier and the coupling device; 

R 

k-. = - is the transfer constant of the differentiator; = FLCk is the 

a r + a a a 

time constant of the differentiator. 

Usually in order to obtain a high quality of differentiation, the values 
R and are selected in such a way that the value is considerably less 

than unity. In this case, the conditions are 


K a = k^ X (1 + T a D) u a . 


( 5 . 8 . 2 ) 


As is well known, one of the characteristics of differentiators is 
"emphasis" of the high frequency components in comparison with the low-frequency 
components of the input voltages. This leads to an increase of the role of CFA 
fluctuation errors. However, the use of special correction filters in the CFA 
can lead to a considerable decrease of fluctuation errors. In performing their 
function, the correcting filters can transmit the derivatives of useful signals 
and attenuate high-frequency components. The mentioned condition is satisfied 
quite precisely by a filter whose transfer function corresponds to an inertial 
dynamic link. 

If an increase of astaticism of the control system and elimination of the 
influence of the drift of the zero and asymmetry of the rocket are of basic 
importance, the command forming apparatus usually is a combination of ampli¬ 
fiers, coupling apparatus and integrator. The connection of an integrator into 
the CFA also makes it possible to eliminate the influence of systematic errors 
in rocket guidance caused, for example, by the influence of interference /260 
on the constant component of the output signal of the command control radio 
link. This problem will be considered in greater detail in chapter 11. 
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The functional diagram for such an apparatus is shown in figure 5-24. The 
coupling devices CD^ and CDg ensure the matching of the input and output of the 

CFA with the preceding and following links of the system, the integrator Int 
performs the operation of integration and the amplifier Amp amplifies the pro¬ 
duced voltage to some necessary value. 

The role of integrators can be performed by electric motors, R-C and R-L 
elements without electronic amplifiers and with amplifiers, integrating gyro¬ 
scopes, etc. 

If a CFA with an integrator operates on direct current it creates a volt¬ 
age (current) K a equal to 


v . ^m 
K a = \ — V 


(5-8.3) 


vhere ^ is the transfer constant of the integrator. 

Expression (5.8.3), representing the equation of the CFA apparatus with an 
integrator, makes it possible to construct the structural diagram of a CFA and 
compute its dynamic and fluctuation errors. 

In solution of the problem of the desirability of using CFA with an in¬ 
tegrator, it is necessary to remember that the introduction of an integrator 
into the circuit, in a general case, reduces the reserve of stability of the 
control system. 

In those cases when the automatic pilot must suppress signals reflecting 
the mismatch parameter, its integral and its rate of change with time, it is 
necessary to use CFA with integrating-differentiating devices. The functional 
diagram of such a CFA is shown in figure 5*25. 



Figure 5-25 
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As in the preceding diagrams, the CD^ and CD^ elements perform coupling 

functions. The signals forming at the output of the differentiating link DL 

and the integrator Int characterize the value of the voltage u , its derivative 

a 

and the time integral of u a . These signals are added in the summer E and /26l 

pass through the amplifier Amp. Taking into account all the earlier introduced 
coefficients, we obtain the following expression relating u and K when 
k d « ! a 


K^ = k\k d {T d D^\) + ^]u a . 


(5-8.4) 


In the three considered types of command forming apparatus, the transfer 
function L^D) entering into equation (5.8.1) is equal to zero. The construc¬ 
tion of a CFA with L^D) = 0 is introduced most frequently in systems whose 

characteristic criterion is the formation of the mismatch parameter aboard the 
rocket. This can be attributed to the difficulties in the placement of com¬ 
plex and unwieldy apparatus aboard small rockets guided to rapidly moving tar¬ 
gets or the absence of requirements for formation of the function L^(D) in the 

system in rockets designed for damage of fixed and slowly moving targets. 

In command control systems, the CFA is placed at the control point (land, 
ship, aircraft) where the weight and the size of the individual apparatus do 
not have particular importance. The CFA of systems which are used for the 
guidance of a rocket to rapidly moving targets, therefore, can contain elements 
forming the transfer functions L^(D) and L^(D). 

In those cases when the input of the CFA receives signals reflecting the 
mismatch parameter and the compensating signals in digital form, the coupling 
elements, amplifiers and other stages of the CFA should be pulse signals. 

An apparatus for forming single commands usually includes an electro¬ 
mechanical or electronic relay triggering when there is a zero value of the dif¬ 
ference between the signals characterizing the stipulated and actual states of 
the controlled object. 

Depending on the specific tactical problems involved in rocket guidance, 
it is possible to devise CFA which have different circuitry from the CFA 
shown in figures 5*22 to 5 - 25 * To a considerable degree, this can be attrib¬ 
uted to the requirements which are imposed on the control system and the char¬ 
acteristics of the sighting apparatus, automatic pilots and computers which 
are available to the designer during the design and planning stage. 
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5.9* Apparatus for Forming Commands in 
Nonautomatic Control Systems 

As pointed out in chapter 1, command control systems only can be nonauto¬ 
matic. In nonautomatic systems r there is direct participation by man (an 
operator), in addition to the use of electronic and electromechanical instru¬ 
ments. All the electronic, electromechanical and other types of apparatus 
included in a nonautomatic command forming apparatus customarily are referred 
to as a command pickup or a command instrument. In essence, a command /262 
pickup is an apparatus designed for the initial conversion of the actions of an 
operator into electrical or some other signals of convenient form for feeding 
to the modulator of the transmitter of the CCRL. In addition, these signals 
should reflect the mismatch parameter. 

The input device of the command pickup is a control lever which can be 
turned in one or two mutually perpendicular planes (for forming smooth and dis¬ 
crete commands), or a push-button mechanism used in forming single commands. 

In most cases, the output signals of the command pickups are dc voltages, 
changes of the values of resistance, capacitance and inductance, closing and 
opening of the contacts of electromechanical relays, etc. 

The forming of smooth commands is accomplished in most cases using poten- 
tiometric, capacitance and inductance pickups. At the same time, command pick¬ 
ups are known which produce signals in the form of periodic closings of con¬ 
tacts during a time proportional to the angle of rotation of the control lever. 
Pickups of the latter type will be called commutator pickups. 

In the simplest potentiometric pickup (fig. 5*26) the control lever is 

connected to the potentiometer slide. The output value K of such a pickup can 

a 

be the resistance R or the dc voltage u_ between the points a and b. 

The principal equation of a potentiometric pickup has the following form 

K a = R = ^R^iev + ~^ 2 ~ ’ (5-9.1) 


where A ^ is the angle of rotation (linear movement) of the control lever: 
Rp 0 ^ is the total resistance of the potentiometer; kp is the transfer coeffi¬ 
cient of the pickup, characterizing the value of the increment of the resis- 
R 

tance R -for a unit value of the angle 

2 lev 

If the potentiometer is fed by a dc voltage, the output signal of the 
pickup is 
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(5.9.2) 


K a = u = = Mlev + \- 


Here u is the dc voltage fed to the potentiometer, and k u is the transfer /263 


constant of the voltage command pickup measured relative to 

In expressions (5.9*1) and (5*9.2) with the transfer of the zero value of 
the mismatch parameter A m = u a , when A-^ ev = 0 , the values R and u_ are 

and When maximum positive or negative commands are produced, R = Rp^ 

and R = 0, and u_ = u and u_ = 0, respectively. 


The coefficients k^ and can be computed in the following way. If 

A lev = A lev max , where A lev max is the maximum angle of deflection of the con¬ 
trol lever from a neutral position, R = R^q^ and u_ = u. Therefore, from equa¬ 
tions ( 5 - 9 . 1 ) and ( 5 * 9 - 2 ) 



R + 
pot 

2A„ 

lev max 


K = 


u 

PA 

lev max 


Strictly speaking, equation (5-9*2) characterizes not only the command 
pickup itself, but the primary converter of the angle A-^ ev . This equation also 

reflects the operation of modulation of the dc voltage by movement of the poten¬ 
tiometer slide, which from the systematic point of view is more convenient to 
assign to one of the functions performed by the command control radio link. 

Sometimes a single potentiometer is replaced by two with slides connected 
by a control lever (fig. 5*27). During the transmission of the zero command 


To control 
lever 



Figure 5.26 
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the control lever sets the slides 1 and 2 on the line AA which passes through 
the midpoints of the potentiometers Rp 0 -t ]_ and Rp^ 9 * During transmission of 

the positive and negative values of the mismatch parameter, the slides 1 and 2 
are deflected in different directions by the same value. 


Accordingly, the equations for such command pickups can have the following 

form (when R . n = R . 0 = R .) 

' pot 1 pot 2 pot' 


K a = 4R = a B a lev , ( 5 . 9 . 3 ) 

K a = 4u = 2 k u 4 lev , (5.9.M 


where AR and Au are the difference of the resistances and the drops of the dc 
or sinusoidal voltage across the potentiometers Rp 0 ^. 2 an< ^ ^pot 1 ’ 

The apparatus shown in figure 5*27 essentially is a pickup of the differ¬ 
ential type. It is easy to see that the transfer constants for such a sensor 
are equal to 2k^ and 2k u , respectively. 

In pickups of the capacitance and inductance types, a movement of the / 26k 
control lever is accompanied by a change of the value of the capacitance Cap 
(due to the movement of the movable capacitor plate) or the inductance L (for 
example, due to introduction of a ferrite core). For these command pickups we 
find that 


K = Cap = k A 


Ca Pm 


ax 


cap lev 


K = L = k T A. 


max 


L lev 


( 5 . 9 . 5 ) 

( 5 . 9 . 6 ) 


where k and k_ are the transfer constants of the capacitance and inductance 
cap l 

pickups, and Cap max and L max are the maximum possible ranges of change of 
capacitance and inductance. 

By analogy with potentiometric pickups, it is possible to create capaci¬ 
tance and inductance pickups of a differential type. 

Commutator pickups usually are electromechanical devices. 

Figure 5.28a shows the simple diagram of a sensor which produces a signal 
in the form of a periodic closing of the contacts at a time proportional to 
A . The shaped shaft SS, one of whose sections is shown in figure 5 . 28 b, is 

rotated with a constant angular velocity. A contact system moves along the 
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Figure 5*28 


To control 



generatrices of this shaft, accompanying the movement of the control lever. 

This contact system consists of the unfixed and fixed contacts UC and FC. The 
unfixed contact comes into contact with the shaft SS, and as a result one part 
of the period of rotation of FC and UC is closed and the other is open. The 
times T^ and T^ of the closed and open states of FC and UC are dependent on 

what distance the entire contact system is situated from the SS base. A pickup 
of the considered type is constructed in such a way that when A-^ ev = 0, the 

contact system is set on the midsection of the shaft SS. Under this condition 
T^ = Tg. If Ai ev > 0, the contact system moves upward, but when A^ ev < 0 it 

moves downward. This means that the angular deflection of the control lever 
from a neutral position causes a proportional change of the difference T^ - T 2 * 

Therefore, the relationship between A^ ev and T^ - T^, determining the equation 

for such a command pickup, has the following form 


K = T. - T 0 = k. A. , 
a 1 2 9c lev' 


(5-9.7) 


where k. is the transfer constant of the command pickup, 
oc 

Since T^ + T^ = T = const, where T is the period of formation of the /26$ 
commands, then 


T 


1 


k A 
oc lev 


2 



(5.9.8) 


This indicates the proportionality between and T^. 

A pickup producing signals in the form of two brief closures of the con¬ 
tacts with an interval proportional to A^ ey in one period T can be repre¬ 
sented schematically as shown in figure 5-29. This figure shows that there are 
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two brushes (B^ and B^) connected to the rotating shaft S. One of them (B^) is 
fixed and the other (B^) can move under the influence of the control lever in 
the directions shown by arrows. 

If A, = 0, both brushes are situated within the same diameter and during 
lev 

the time T of one revolution of the shaft S the collector C closes with the 

T 

brushes B^ and B 2 each —. When A-^ ey > 0, the brush B^ moves clockwise and when 
< 0, it moves counterclockwise relative to its position corresponding to 

PV 

—, -. Therefore, it is possible to derive a command pickup equation coinciding 
2 

in form with expressions (5*9.7) and (5*9*8)* The difference will be only in 
the physical essence of the values and T^* If it is necessary to decrease 

the time T^, in place of an increase of the rate of revolution of the shaft S, 

it is possible to select a large number of fixed brushes, appropriately limiting 
the range of movement of the moving brush B£. 

Commutator pickups also include devices producing video pulses which are 
width- or phase- (position-) modulated. Applicable to the two considered types 
of pickups, this means that the pickup also includes a dc voltage source. In 
addition, in order to obtain such electrical signals, it is possible to use 
potentiometers; the dc voltage from the latter is fed to a delay multivibrator 
or a delay phantastron. The triggering of the multivibrator and the phantastron 
is accomplished by a special generator of periodically repeated video pulses. 

In addition to multivibrators and phantastrons, it is possible to use saw¬ 
toothed wave generators with external triggering and circuits for comparison of 
the instantaneous voltage of the "sawtooth" with the dc voltage from the poten¬ 
tiometer. The latter types of pickups in essence are time-interval voltage 
converters. 


In such apparatus, there-is not only primary conversion of &-^ ev into / 266 

the movement of the potentiometer slide, but also modulation of the dc and 
video pulse voltages. 


Taking into account the concept of a command pickup used here as a primary 
converter of the angle A-^ ev into an electrical or some other signal, these ap¬ 
paratuses should be broken down into two parts. The first part (potentiometer) 
is the pickup and the second is the modulator, which in accordance with the 
functions performed by the CCRL is a component part of the CCRL (see chapter 7)* 
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Discrete commands can be formed by pickups whose principle of operation is 
based on the conversion of the value and sign of the angle A]_ ev into a stipu¬ 
lated number. This problem was discussed in section 5-^- 

The operation of the sensor ensuring conversion of the angle A]_ ev into a 
binary number is characterized by the following equation 


N 


K. VW 


/-I 


( 5 . 9 . 9 ) 


where N is the number of used binary digits, 6 ^ is a function assuming the 

values 0 and 1 , depending on the value A^ ev , and k^ c is the transfer constant 
of the command pickup. 

In the transmission of single commands, pickups are used which are con¬ 
tacts closed or opened by a control button mechanism. 

In conclusion, we point out that the principles of design and circuitry of 
command pickups considered here do not exhaust all the possible variants. 

In an analysis of nonautomatic control systems, it frequently is conve¬ 
nient to replace the action of an operator by an equivalent dynamic link. The 
mathematical description of the action of an operator is based on the fact 
that, with a certain amount of practice, there are definite patterns in the 
operators reaction to changes of the mismatch parameter. For example, the 
deflection A^ ev of the control lever by the operator in the rocket guidance 

process can be described as follows 


A^v = M 1 + T o D > A m ( t " 'o')’ 


(5-9.10) 


where t q is the time characterizing the lag of the reaction of the operator, 

equal on the average to 0 . 2 - 0 .4 sec; k Q is a transfer constant which, in a 

general case, is a function of time and which changes for different operators 
in rather broad limits; T Q is the time constant of the operator. 

Equation (5-9.10) shows that the operator exerts control in accordance 
with the measured value of the mismatch parameter ^m and its derivative. The 
latter is an extremely important factor in ensuring the stability of the / 26 T 
guidance process. 

If expression (5-9-10) is taken into account and also the earlier derived 
relations for command pickups of different types, it is possible to obtain 
equations for the command forming apparatus in nonautomatic control systems. 
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In general form, this equation can be written in the following form 

K a (t) = LjD) V (t - x lag ), (5-9.11) 

vhere L-^(D) is the transfer function of the CCRL, whose specific form can be 
determined on the basis of equations (5.9.l)-(5«9.10); K a (t) is the signal act¬ 
ing at the output of the command pickup; T-, is the time characterizing the 
lag in producing the command. ° 

In accordance with equation (5.9«ll)> it is possible to find the CCRL er¬ 
rors if the errors in determination of ^ are known, and also the specific form 
of the transfer function L (D). 
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CHAPTER 6.. COORDINATORS OF AUTONOMOUS CONTROL SYSTEMS 


6.1. General Information 

It is a characteristic of the coordinators of autonomous control sys- / 268 
terns, or autonomous coordinators, to use a briefer term, that the mismatch 
parameter is formed using only the apparatus carried aboard the rocket. For 
this reason, the rocket does not receive signals from a control point or from 
the target to which the rocket is guided. Because of this the creation of 
artificial interference is extremely difficult for such coordinators, and in 
some cases is simply impossible. At the same time, the property of autonomy 
limits the range of problems which can be solved by a rocket with an autono¬ 
mous coordinator. Such rockets can be used only for damaging fixed surface 
targets whose coordinates are known in advance with a high accuracy. 

The following forms of autonomous coordinators can be distinguished: 

(a) autonomous electronic coordinators based on the use of the Doppler 
effect; 

(b) inertial coordinators; 

(c) celestial navigation and radio celestial navigation coordinators; 

(d) coordinators based on use of terrestrial features and phenomena; 

(e) complex coordinators. 

In the discussion of different coordinators in the sections of this chap¬ 
ter which follow, information on nonelectronic coordinators will be given only 
to the degree that it is required for clarifying the principles serving as a 
basis for the creation of complex systems containing instruments for measuring 
different physical values. 


6.2. Autonomous Electronic Coordinator Based 
on Use of the Doppler Effect 

The principal sensing element of an autonomous electronic coordinator /26° 
is a Doppler instrument for measuring the ground velocity and drift angle. 

Its principle of operation is based on the dependence of the frequency shift of 
a signal reflected from the Earth’s surface (in relation to the frequency of 
the sounding signal sent from the rocket) on the velocity of its motion rela¬ 
tive to the Earth’s surface. 
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Figure 6.1 


A Doppler instrument for measuring the ground velocity and the drift 
angle, DIGVA, includes a transmitter, antenna system, receiver, instrument 
for measuring Doppler frequency, drift velocity computer and drift angle. In 
addition to the Doppler instrument, the autonomous electronic coordinator in¬ 
cludes: a gyro-vertical, a course system of some kind and a computer. 

There is a great variety <5f technical variants of a Doppler system. 

Below, as an example, we present a brief description of a Doppler system with 
a cloverleaf antenna stabilized in a horizontal plane. The antenna is stabil¬ 
ized by a servosystem whose mismatch signal sensor is a gyro-vertical. As a 
result of the introduction of stabilization, there is elimination of errors 
caused by change of the angular position of the rocket relative to its longi¬ 
tudinal and transverse axes, that is, change of the angles of banking and 
pitching. At the same time, such a system makes it possible to measure the 
horizontal projection of the velocity vector of the rocket relative to the 
Earth, that is, the ground velocity v^ and the drift angle a^. A knowledge 

of these parameters is sufficient for guidance of a rocket along a fixed /270 
trajectory when its flight altitude is controlled by an autonomous sensor 
(altimeter). 

The geometric relations characterizing the operation of a cloverleaf an¬ 
tenna system are shown in figure 6.1a. Figure 6.1b shows the projection of the 
spatial pattern onto the Earth's surface. It is assumed that the rocket flies 
in a horizontal plane with the ox^ and oz^ axes of the related coordinate sys¬ 
tem parallel to the Earth's surface. It also will be assumed that the angle of 
slip is small and that the horizontal component of air velocity v virtually 
coincides with the longitudinal axis ox^ of the rocket. 
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The position of the beams oA, oB, oC and oD of the antenna system is char¬ 
acterized by the adjusting angles 0^ and The first of these represents the 

angle between the vertical oo' and each of the beams, and the second the angle 
between the axis of the gyrostabilized platform o'x a and the projections of the 

straight lines oA, oB, oC and oD onto a horizontal plane. The position of the 
gyrostabilized platform relative to the longitudinal axis of the rocket is 
determined by the angle a^. The drift angle is denoted by a^. Finally, the 

angle between the ground velocity vector and the axis of the platform is 6 = 

a dr ’ c *pi ,# The frequencies of the signals received on the four beams differ 

from the frequencies of the signals emanating from the transmitter by the 
values of the Doppler shifts. These shifts are determined by the formulas 


F _ 2 _3?3a 

DA X > 


F — 

DB k * 


F =?32k 

DC X » 



( 6 . 2 . 1 ) 


where 

along 


F^,. F^ , F . F _ are the Doppler frequencies of the signals received 
DA DB DC DD 

the beams oA, oB, oC and oD; v v v _ . v __ are the projections 
7 7 pi A 7 plB* plC plD 


of the ground velocity vector onto the direction of the beams oA , oB, oC 
and oD. 


Using figure 6.1 it is easy to express the projections of the ground 
velocity vector through its value and the corresponding angles. Then we obtain 


F dA = ?psln 6 b cos (p, — 8,). 

F ol =^n»cos^ + K), 2) 

Fo c=-T Ssin9 bCO s (P.-8 t ), 

9 r , 

F 0 d = —j^sin Q^cos (p t -f~ 5 a ). 

In cloverleaf systems > the radiation and reception usually are throug h/271 
two elements of the antenna simultaneously along two diagonal beams. Each 
pair of antenna elements operates alternately, making it possible to use only 
one receiving-transmitting channel. 
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After rectification of the received signals, voltages are discriminated 
which have the following difference frequencies 


Foac =-psin 6 b cos (P. — 8,), 
Fqbd — ^psln 0 b cos (p, + 8.). 


At the output of the instruments measuring the frequencies F . and F . 

DAC DBD 

the voltages will be proportional to these frequencies. The signals from the 
output of the measuring instruments are fed to a comparing device in which a 
voltage is formed which is proportional to the voltage difference of the men¬ 
tioned signals. It is easy to show that it will be equal to 

8v 

u com = k com k F x sin 0 b sin P a sin 6 a> (6.2.4) 


where k CQm is the transfer constant of the comparing device, and kp is the 

transfer constant of the frequency measuring instrument. 

All the values in expression (6.2.4), except v and 6 , are given. Using 

g a 

8k com k F 

the notation = - sin 0 sin P a and taking into account that 6 Q = 

a dr " “pi* we obtain 


u com = k l v g sin («dr - “pi) 


The voltage u com is fed to the motor for final adjustment of the position 


of the platform and as a result the platform will be set in a direction in 

which a. = a , . By measuring the angle of rotation of the platform relative 
dr pi 

to the longitudinal axis of the rocket it is possible to determine the drift 
angie o^. 


The value of the ground velocity vector v in such a system can be deter- 

o 

"ined by measuring one of the frequencies F „ or F. „ when 6 = 0 (in this 

DAC DBD a 

case they are equal to one another). Then 


\F- . c 

D =_ QAC _ 

g 4 sin fr^cos p a 
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A rocket coordinator for determination of the mismatch parameters of the 
lateral deflection and remaining range channels, in the case of guidance along 
a fixed trajectory, should contain a course system for measuring the course 
angle of the rocket \|r c , in addition to the Doppler system for measuring the 

ground velocity and drift angle. 

Figure 6.2 shows the geometric relations illustrating the guidance of a 
rocket along a fixed trajectory. The position of the target T in a ground [ZJ2 
system of coordinates ° c x ec z ec > whose origin is at the point where the 

autonomous electronic coordinator begins to operate, is given by the angle Pq 

and the range r . D denotes the point where the rocket begins its dive. The 

mismatch parameters of the lateral deflection channel and the remaining range 
channel are measured in an orthodromic coordinate system o Q x m z m . The moving 

coordinate system ° r ^ er z er has its origin at the center of mas * of the rocket 

o r , and its axes are parallel to the axes of the system ° c x ec z ec * The position 

of the longitudinal axis of the rocket in a moving coordinate system is charac¬ 
terized by the angle i|r c . 

As the components of the ground velocity vector along the sixes o c z m and 
o c x m of an orthodromic coordinate system, we can write 

v gz = ' t; g s in(+ c + ®df“ Po)» \ 

^ jr = ® s cos(t c +« dr —p 0 ). J (6.2.5) 

On the basis of equations (6.2.5) we write expressions for the mismatch param¬ 
eters of the lateral deflection and remaining range channels 
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t 

A z =j ® g sm (<1» c + a dr - p 0 ) dt. 


( 6 . 2 . 6 ) 



(6.2.7) 


By using formulas (6.2.6) and (6.2.7) it is easy to construct the /273 

functional diagram of an autonomous electronic coordinator (fig. 6.3). The 
signals of the transmitter Tr are radiated by the cloverleaf antenna of system 
A. The signals reflected from the Earth’s surface are fed to the antenna A and 
then to the receiver Rec where they are amplified. The Doppler frequency volt¬ 
ages are fed to the instruments measuring the drift angle a^ r and ground 
velocity v g . 

A voltage is produced in the instrument measuring a for control of the 

dr 

motor M for turning the gyrostabilized platform on which the antenna system is 
mounted. The angle of rotation of the platform relative to the body of the 
rocket determines the drift angle Q^ r . 


A signal is produced in the instrument for measuring v 


g 


which is propor¬ 


tional to the ground velocity of the rocket. This signal is fed to a sine- 
cosine generator. The sine-cosine potentiometer described in section 4.10 can 
be used as such an apparatus. In this case, the brushes of the potentiometer 
are turned by the angle OCp ot = \|r c + a dr - The angles \|r c , a dr and are 


summed in the differentials DFj_ and DF 2 . The angle 6 q is introduced into the 


computer prior to the launching of the rocket. 


A signal from one of the outputs of the sine-cosine generator is fed to an 
integrator for measurement of the lateral deflection A z . The remaining range 

is measured by a subtracting device SD; one input of the latter is fed a 

voltage proportional to the travelled distance, and the other a voltage u 

rD 

proportional to the range r^ to the point of transition of the rocket into a 

dive. The voltage u ^ is introduced into the computer before launching of the 
rocket. rU 


The measured values A and A of the mismatch parameters A and A are 

zm rom z ro 

used for control of the rocket course and the producing of a command for its 
transition into a dive. 


The errors of an autonomous electronic coordinator include the errors of 
the Doppler system for measuring ground velocity and drift angle, the /274 

course system and the computer. 
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Figure 6.3 


Measuring 
instrument a^ r 
Measuring 
instrument v 

g 


The Doppler system errors can be attributed to the fact that the received 
signal is not reflected from a single point, but from some surface which can 
be replaced by a large number of elementary reflectors situated within the 
limits of the irradiated area. The signals from all the elementary reflectors 
are summed with random phases. The resultant signal, therefore, has a random 
character and has a finite spectrum of frequencies grouped around the actual 
value of the Doppler frequency. The accuracy of measurement of A z and A ro can 

be determined if the statistical characteristics of the random values entering 
into formulas (6.2.6) and (6.2.7) are known. 


6 . 3 . Inertial Coordinator 

The principal element of a coordinator of the inertial type is a measuring 
instrument which is used for determination of the distance covered by double 
time integration of the absolute accelerations measured by the linear accelera¬ 
tion sensors (accelerometers). 

When the path of a rocket relative to the Earth's surface is calculated 
using an inertial measuring instrument, it is necessary to place the accelerom¬ 
eters on a movable platform which during the entire time of the flight should 
be set normal to the local vertical. This placement of the accelerometers 
eliminates the errors caused by accelerations of gravity. 

Two methods for design of such a platform are used most frequently. In 
the first method, the platform with the accelerometers is set in a fixed posi¬ 
tion on a gyrostabilizer whose position is corrected in accordance with the 
change of the position of the local vertical (system with a horizontal stabi¬ 
lizer). In the second method, the gyrostabilizer remains fixed in relation to 
an inertial coordinate system and the position of the platform with the ac¬ 
celerometer is changed in relation to it in accordance with the change of the 
position of the local vertical (system with a gyrostabilizer fixed in rela¬ 
tion to an inertial coordinate system). In both the first and second cases. 
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the local vertical is obtained using the signals of the accelerometers of the 
inertial measuring system itself. Such a vertical is called an inertial 
vertical. 

In addition to the above, when calculating the path in a ground oordinate 
system, it is also necessary to take into account the Earth 1 s rotation on its 
axis. In systems with a gyrostabilizer fixed relative to an inertial coordi¬ 
nate system, the Earth’s rotation can be taken into account by an additional 
turning of the platform with the accelerometers in relation to the gyrostabi¬ 
lizer, with an angular velocity equal to the angular velocity of the Earth’s 
rotation. In a system with a horizontal gyrostabilizer, the Earth’s / 2J5 

rotation is taken into account by the introduction of compensating signals 
into the measured acceleration values. 

An inertial measuring instrument, an apparatus for determining the verti¬ 
cal, a system for introducing corrections for the Earth’s rotation and a com¬ 
puter form an inertial coordinator which can be used for formation of the mis¬ 
match parameters used in guidance of rockets along fixed trajectories. 

Now we will obtain expressions for the mismatch parameters of the lateral 
deflection and remaining range channels for rocket guidance along an ortho¬ 
dromic reference trajectory. 

At the initial point of the trajectory, the gyroplatform is set in such a 
way that the measurement axes of the accelerometers are in a horizontal plane; 
the measurement axis of one of the accelerometers coincides with the direction 
of the reference trajectory, and the measurement axis of the other is oriented 
normal to it. Then double integration of the signal of the first accelerometer 
(with a correction for the Earth’s rotation taken into account) gives a value 
proportional to the path travelled by the rocket, and double integration of the 
signal of the second accelerometer (also with the correction for the Earth’s 
rotation taken into account) determines a value proportional to the lateral 
deflection of the rocket from the reference trajectory. 

If the initial setting of the platform is made, the expressions for the 
mismatch parameters of the lateral deflection and remaining range channels will 
have the following form 


A TO 



(6.3.1) 

( 6 . 3 . 2 ) 


Here j , j are the acceleration components along the axes of the orthodromic 
coordinate system o c x m z m ; v cz , v cx are the compensating signals taking into ac¬ 
count the migratory motion associated with the Earth's rotation, and r^ is the 
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distance between the initial point of the trajectory and the point of transi¬ 
tion of the rocket into a dive. 

The values of the compensating signals v cz and v QX can be computed using 
the formulas (ref. 6) 


v cz = Ro) e sin e cos u, (6.3.3) 

v cx = Rcu e cos e, (6.3.4) 

where R is the distance from the center of the Earth to the rocket, for all 
practical purposes equal to the Earth's radius, uu e is the angular velocity of 

the Earth's rotation, e is the angle of inclination of the orthodrome to the 
r 

equator, u = u n + — is the angle between the local vertical and the line /27c 

R 

of intersection of the planes of the equator and the orthodrome, called the 
argument of latitude, u^ is the initial argument of latitude and r^ is the 

distance travelled by the rocket along the orthodrome from the time of activa¬ 
tion of the system. 

The compensating signals are shaped by the computer in accordance with for¬ 
mulas (6.3.3) and (6.3.4). The values R, 0 ) e , e and u Q , introduced into the com¬ 
puter as initial data, are constants for a particular orthodrome. 

During a long period of the rocket flight perceptible azimuthal departures 
of the platform in relation to its initial position can be observed. 

For the control system of a rocket, this is equivalent to the stipulation 
of a new orthodromic trajectory not coinciding with the reference trajectory. 
Elimination of the departure of the platform in azimuth is attained by the in¬ 
troduction of a course system into the coordinator. The signals of the course 
system, correcting the position of the platform, are shaped on the basis of a 
comparison of the actual and stipulated target (course) angle. 

Figure 6.4 shows the functional diagram of the mentioned coordinator. The 
range and lateral deflection accelerometers are mounted on a corrected gyro- 
platform. The correction signals are shaped by the first integrators of the 
coordinator. The accelerometers, first integrators and corrected gyroplatform 
form the circuit of the apparatus for determination of the inertial vertical. 

The signal from the output of the first integrator of the range channel is 
fed to the subtracting device SD^, which also is fed a compensating signal 

taking into account the migratory motion caused by the Earth's rotation. /277 

The latter is formed in the computer of the range channel on the basis of the 
stipulated values R m , u) em and e m characterizing the measured values R, cd^ 
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and e. A difference voltage from the output of the subtracting device SD^ is 

fed to the second integrator and then to the subtracting device SD£, where this 

voltage is compared with a voltage proportional to the range to the point of 
transition of the rocket into a dive. 

The lateral deflection channel is devised in a similar way. The only dif¬ 
ference is that the computer of this channel is fed not only the values R m , 

rjD em an< * e m } ^ut a ^ so the measured values r m and u Qm of the travelled range r r 

and the initial argument of latitude u^. The mismatch parameter of the lateral 

Reflection channel is formed at the output of the second integrator. 

An inertial coordinator is a completely autonomous apparatus and its oper¬ 
ation is not dependent on external conditions. In addition, it is not subject 
to the influence of artificial interference. 

The principal shortcoming of an inertial coordinator is the increase of 
measurement errors with an increase of the time of rocket flight as a result of 
mhe imperfection of the components. The most significant errors are due to the 
characteristics of operation of the apparatus for determining the inertial 
vertical. We will assume that the accelerometer Ac is mounted on the gyroplat- 
form GP, which at the initial time is oriented horizontal to the Earth’s sur¬ 
face (fig. 6 . 5 ). With motion of the rocket from position I to position II, the 
cignaL from the accelerometer is integrated and fed to the correcting motors of 
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0 

Figure 6.5 


the gyroplatform. Under the influence of this signal, the gyroplatform is 
turned relative to its initial position. In the case of ideal operation of the 
system, the platform should maintain a horizontal position relative to the 
Earth’s surface. However, due to the errors of the correction system it turns 
by the angle a err relative to the true horizon (the axis o'^x'^). 

Obviously, the acceleration measured by the accelerometer will be /27° 

equal to 


= v cos a - g sin a v - 

err err 


gw. 


(6.3-5) 


where v is the tangential acceleration caused by the effective forces. 

Taking into account that the corrected gyroplatform plays the role of an 
integrator relative to the correction signal, we find the angle of deflection 
of the platform in relation to its initial position 


a a ^ver 




v - ga err ) dtdt. 


( 6 . 3 - 6 ) 


Here k ver is the general transfer constant of the accelerometer, integrator and 
gyroplatform. 

It follows from figure 6.5 that 


a a = a err + «e = a err + Tf\ vdt 

0 


(6.3.7; 


After substituting expression (6.3-7) into (6.3.6), we obtain 
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a err + || vdt * k ver j j (* ' dtdt 

0 0 0 


( 6 . 3 . 8 ) 


Differentiating the latter equation twice, we find 


a err + R v “ k ver v " 'Srer 8 a err 


or 


a err + k ve rS^err “ ^ ^ k ver”^ ^ 


(6.3-9) 


In order for the vertical to be invariant to accelerations, that is, main¬ 
tain its position despite the influence of external perturbations, it is neces¬ 
sary to satisfy the condition 


k 


_ 1 
ver R 


(6.3.10) 


The selection of the transfer constant k vgr of the apparatus for deter¬ 
mining the vertical, equal to —, is a necessary condition for maintaining the 

R 

platform in a horizontal position in the case of zero initial conditions. In 
actuality, with the satisfaction of (6.3.10), equation (6.3.9) assumes the form 


a err + r a err “ 


(6.3.11) 


If a _ = cit rt = 0 when t = 0, the angle a will be equal to zero 
err 0 err 0 ’ err 

during the entire time of the flight, that is, a gyroplatform with an accelerom¬ 
eter maintains its horizontal position in relation to the Earth's surface. / 279 
In the case of nonzero initial conditions, the motion of the gyroplatform 
relative to the horizon is represented by harmonic oscillations 


a 


a 


= 0 ! _ 
err err 0 


cos 


n •t + 

Sch 


err 0 


Q 


Sch 


sin a Sch t, 


(6.3.12) 


where , = l/Z 
Sch V R 


is the angular frequency of the oscillations. 
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The period of the oscillations T = 


2n 

^Sch 



= 84.4 min is called the 


M. Schuler period. It is equal to the period of oscillations of a mathematical ] 
pendulum with a length of suspension equal to the Earth*s radius. 


The oscillations of the platform lead to errors in the measurement of the 
mismatch parameter. Thus, in the case of initial deflection of the platform 
a err 0 = error in determination of distance will change periodically 

from zero to I.85 km. Since these changes transpire very slowly, a rocket with 
an inertial coordinator will change its trajectory in accordance with the meas¬ 
ured distances. 

In some cases, the errors in guidance of a rocket with an inertial coordi¬ 
nator are inadmissibly large. For this reason, in many cases, it is desirable 
to combine an inertial measuring instrument with a measuring instrument of a 
different type not having the mentioned shortcoming. In such a complex coordi¬ 
nator, the inertial system, which is operating continuously during the entire 
time of the flight, plays the role of a singular ,f memory n while the apparatus 
of the second measuring instrument, which cuts in periodically, is used for 
"transcribing" the accumulated errors. 


6 . 4 . Celestial Navigation Coordinator 

The principal measurement component in a celestial navigation coordinator 
is a so-called automatic sextant. This is an apparatus for automatic tracking 
of a selected celestial body on the basis of angular coordinates. This track¬ 
ing is possible using the light or radio emission of the celestial body and 
accordingly optical or radio sextants are used. 


In astronomical orientation for determination of a position of a point on 
the Earth*s surface in a horizontal coordinate system, it is most common to 
measure the altitudes of two celestial bodies (the altitude of a celestial 
body is the angle between the direction to the celestial body and the projec¬ 
tion of this direction onto the horizontal plane passing through the observa¬ 
tion point). Therefore, the coordinator should include either two automatic 
sextants, each of which tracks a single celestial body, or one sextant which 
is used for tracking two celestial bodies alternately. After the alti- / 26 C 

tudes of the celestial bodies have been measured, they should be converted 
by a computer into coordinates characterizing the current position of the 
rocket relative to the Earth*s surface. Such conversions can be made if the 
computer is fed the declinations and Greenwich hour angles of the celestial 
bodies, as well as their altitudes. If the current coordinates of the rocket 
are determined in an orthodromic coordinate system, they represent the mis¬ 
match parameters of the lateral deflection and remaining range channels. It 
should be noted, however, that the analytical relationships between the mis¬ 
match parameters and the measured values (altitudes of the celestial bodies) 
are very unwieldy. If the coordinates of the celestial bodies are measured 
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in an equatorial coordinate system, with stipulation of an orthodromic refer¬ 
ence trajectory, the mismatch parameters of the lateral deflection and remain¬ 
ing range channels are obtained directly from the measuring instrument used in 
determination of the coordinates of celestial bodies without conversion. The 
shortcoming of such coordinators is the complexity of the kinematics of their 
mechanisms. 

The book listed as reference 22 describes an apparatus designed for meas¬ 
urement of the mismatch parameters for guidance of rockets having a celestial 
navigation coordinator. Data on the position of the celestial body fits 
azimuth and altitude) relative to each point of a set trajectory are regis¬ 
tered on the tape of the programming mechanism. During rocket flight, this 
tape is drawn through a tape decoder at whose output a voltage is produced con¬ 
trolling the position of the telescope of the automatic sextant in azimuth 
and angle of elevation. If the actual position of the rocket does not coincide 
with the stipulated position, the automatic sextant produces a signal which 
later is used for control of the position of the rocket. 

In addition to the considered cases of the use of celestial navigation 
measuring instruments, very frequently they are used for correction of an 
inertial coordinator, together with the latter forming a celestial navigation- 
inertial coordinator. 


6.5. Coordinators Based on Use of Terrestrial 
Features and Phenomena 

As examples of coordinators based on use of features and phenomena rigidly 
related to the Earth, we will consider briefly coordinators based on magnetic 
orientation and orientation on the basis of terrain images. 

The possibility of using magnetic orientation for the guidance of rockets 
along fixed trajectories is based on the nonuniformity of the Earth f s magnetic 
field, its relative constancy and the rigidity of its relationship to the 
Earth. This possibility was exploited in one of the early developments of / 26 1 
winged rockets of the "ground-to-ground” class, guided along fixed trajec¬ 
tories, specifically the German V-l rocket. The rocket was guided along its 
course by a course system with a magnetic sensor. In the event that the actual 
course of the rocket did not correspond to the specified course set in the mag¬ 
netic corrector before launching, a mismatch signal was produced which was 
used for guiding the rocket along its course. In the case of ideal guidance, 
the rocket flew along a loxodrome (a line intersecting all meridians at the 
same angle); in the case of short ranges, a loxodrome is close to an orthodrome. 
The mismatch parameter of the range channel was formed by an aerolog. When 
the rocket attained a range equal to the specified range, a command was pro¬ 
duced for the rocket to dive. 

The control system of the V-l rocket had a relatively low accuracy of 
guidance. This was due for the most part to the absence of measuring instru¬ 
ments reacting to the lateral deflection of the rocket. 
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This control system made use of only one component of the Earth f s mag¬ 
netic field—the horizontal component of the field strength vector. However, 
this does not exhaust the possibilities of magnetic orientation. 

Let us recall some definitions. The Earth’s magnetic field at each point 
around the Earth is characterized by the value and direction of the total 
vector of field strength T. The T vector can be broken down into two compo¬ 
nents which are perpendicular to one another—horizontal and vertical. The 
angle between the T vector and its horizontal component is called magnetic in¬ 
clination and the angle between a meridian and the horizontal component of the 
Earth’s magnetic field is called magnetic declination. 

The distribution of the magnetic field over the Earth’s surface is repre¬ 
sented by isomagnetic lines. These are curves on a map connecting points with 
an identical value of the same element. The isomagnetic lines of the value of 
the T vector and its components are called isodynamic lines. Isolines of 
declination are called isogonic lines; isolines of inclination are called iso¬ 
clinic lines. 

These elements of the Earth’s magnetic field can be measured by magnetom¬ 
eters forming part of a magnetometric coordinator. 

Theoretically, it is possible to have different variants of design of such 
a coordinator. For example, a coordinator has been described in reference 22 , 
which is designed for formation of the mismatch parameter of the lateral 
deflection channel during the flight of a rocket along a reference trajectory 
coinciding with the isomagnetic line passing through the target. Formation of 
the mismatch parameter of the range channel is possible making use of the 
circumstance that, in a general case, isolines of different kinds intersect one 
another. Obviously, in magnetic orientation, those elements of the Earth’s 
magnetic field should be selected whose isolines intersect at large angles in the 
region of the proposed use of the rocket, and whose horizontal gradients /282 
(isoline density) are maximal for the selected elements. The merit of a 
magnetometric coordinator is its complete autonomy and relatively high noise 
immunity. 

The difficulties associated with the use of magnetometric coordinators 
are caused by the temporal instability of the Earth’s magnetic field and the 
inevitable influence of the magnetic fields of the rocket--which often attain 
an inadmissibly large value--on the accuracy. 

The use of a coordinator of the second type, using features and phenomena 
related to the Earth, is based on the identification of characteristic features 
on the Earth’s surface and guidance of the rocket in reference to them. The 
essence of the operation of such a coordinator, which for brevity will be 
called cartometric, is as follows. The image of the terrain zone over which 
the rocket is to fly is registered in advance on a photographic film. The con¬ 
cept "terrain image" in this case has a generalized character. It includes -the 
aerial photographic image of the terrain and also the image of the radar or 
thermal relief of the natural radio emission of parts of the terrain. The 
selection of the particular type of image is determined by the type of sensing 
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element of the coordinator used for identification of the features. The film 
produced in this way plays the role of a singular relief map. 

In the guidance process, the image received from the sensing element of the 
coordinator is compared with the image registered on the photographic film; the 
latter is moved by a special film-moving mechanism at a rate approximately equal 
to the ground velocity of the rocket. 

In most cases, the comparison is made by superposing one image on the 
other. When they fail to coincide, a mismatch signal is formed which is used 
both for control of the rocket and for a change of the rate of movement of the 
film moving mechanism. A mark is plotted on this same film and its appearance 
serves as a command for the rocket to dive. 

Thus, a cartometric coordinator carried aboard a rocket should contain a 
sensing element for the continuous scanning of the terrain, a system for com¬ 
parison of images and a computer which converts the results of the comparison 
into a mismatch parameter. 

When cartometric coordinators are used, the problem arises of obtaining 
relief maps of the area of military hostilities. There are two ways to solve 
this problem: 

(1) reconnaissance flights by aircraft with appropriate apparatus along 
the proposed paths of rocket launching; 

(2) obtaining the necessary relief maps by some artificial method. 

Thus, if a rocket uses a sensing element of the radar type for scan- /283 
ning the terrain it is possible to create an artificial map of the radar 
relief by use of an ultrasonic radar trainer. The initial data on the proposed 
region of launching of rockets, obtained from ordinary geographic maps, aerial 
photographic surveys and reconnaissance are introduced into the trainer. It is 
noted in reference 22 that the artificial map of radar relief created in this 
vay is virtually identical to the natural relief. 


6.6. Complex Coordinators 

Recently, there has been a tendency to create complex systems for measure¬ 
ment of the coordinates of aircraft and rockets. Such systems include measur¬ 
ing instruments employing navigational information of different physical nature. 
As a result, it is possible to organize the results of the measurements, which 
in the long run increases appreciably the reliability of the information 
obtained. 

The quality of the operation of a complex coordinator is determined to a 
considerable degree by the successful selection of the set of measuring instru¬ 
ments and the algorithm of the matching apparatus. 
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Figure 6.6 


As an example, below we will discuss a complex inertial— Doppler coordi¬ 
nator containing an inertial measuring instrument and an autonomous electronic 
instrument for measuring the ground velocity (ref. 11 ). The role of the latter 
in such a coordinator is essentially correction of the apparatus for deter¬ 
mining the inertial vertical. Change of the properties of the latter under the 
influence of the correcting signals considerably increases the accuracy of 
calculation of the path by the inertial system. 


Figure 6.6 shows the block diagram of the apparatus for determining the 
vertical with the introduction into it of correcting signals from the Doppler 
measuring instrument. The block diagram was constructed on the basis of equa¬ 
tions ( 6 . 3 . 5 )-( 6 . 3 . 9 ). The correction signals are introduced in the following 
way. The velocity of the rocket relative to the Earth, measured by the iner¬ 
tial system, is compared with the velocity indicated by the Doppler measuring 
instrument. It is assumed that the inertial measuring instrument measures 
velocity with the error 6 y and the Doppler instrument with the error 6^. The 


difference signal is fed through a feedback link with the transfer constant k^ 

to the input of the integrator. Then the difference signal, passing through 
the amplification link kg is added to the output signal of the integrator and 


is fed to the correcting motor of the gyroplatform. 


It is easy to show that the process of determining the inertial vertical 
is described by the following operational equation 


[D 2 + kjD + (1 + k 2 )k vei g]a er r = k Ver (D + k 1 ) v ~ 
D + k 

-- v + k _k - k D)6 . 


ver“i 


2 D 


( 6 . 6 . 1 ) 
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With the selection of the transfer constant of the apparatus for deter- /284 

mining the vertical from the condition of its imperturbability k 


ver 


equation (6.6.1) assumes the form 


k, - kpD 

[d*- f- k t D + (1 +^ 2 )f] a err --^- V (6.6.2) 


Comparison of expression ( 6 . 3 . 11 ) with ( 6 . 6 . 2 ) shows that the introduc¬ 
tion of a correcting signal changes the form of the process for determination 
of the vertical with retention of its invariance to a change of rocket 
velocity. This process now has an oscillatory-attenuating character. 

By changing the parameters of the correction circuits (the transfer con¬ 
stants k^ and k^), it is possible to change the attenuation factor for the 

apparatus for determining the vertical and its natural frequency in broad 
limits. 

In the example considered above, one of the measuring instruments of the 
complex system is used for correction of the other measuring instrument. How¬ 
ever, it is possible to design systems in which there is mutual correction of 
a number of measuring instruments. 
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CHAPTER 7. COMMAND CONTROL RADIO LINKS 


7.1. Functional Diagram and Principal Characteristics 
of a Command Control Radio Link 

The input device of a command control radio link whose functional /28 

diagram for one channel is shown in figure 7 «1 is a coder Cod. The coder 
forms special voltages (continuous or in the form of pulses) which are called 
subcarrier oscillations, there is modulation of the signals produced by the 
command forming apparatus and the subcarrier is given those qualitative crite¬ 
ria which ensure separation of commands in individual circuits (channels) at 
the receiving end and increase of noise immunity of the command control radio 
link (CCRL). The modulation parameters of the subcarrier oscillations reflect 
the quantitative values of the control commands. If the CCRL has a single 
channel, only a single command K a is fed to the coder input. 

In order to perform the necessary functions, the coders usually contain 
generators of electrical oscillations, modulators, commutators, summation 
devices, etc. The coder signals are used for modulation of the carrier in the 
radio transmitter Tr. The coder and transmitter form the transmitting appara¬ 
tus of the CCRL, which is situated at the control point. 

The need for using sinusoidal or pulse subcarrier oscillations in the 
coder usually is due to the multichannel character of the CCRL or to specific 
characteristics of the method for transmission of commands in a single-channel 
CCRL. 


The radio signals produced by the radio transmitter are radiated by 
the CCRL transmitting apparatus in the direction of the rocket. 


/286 


At the output of the radio receiver Rec, voltages are formed which are 
similar to those fed to the radio transmitter. These signals are fed to the 
decoder Decod. The decoder accomplishes both separation for the individual 
circuits of commands having different purposes (corresponding qualitative 
criteria of subcarrier oscillations are used for this purpose) and for demodu¬ 
lation and conversion of the subcarrier oscillations into signals convenient 
for transmission to the automatic pilot. In addition, the decoder accomplishes 
a separation of useful signals from interference on the basis of those 



Figure 7.1 
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additional criteria which were imparted to the subcarrier oscillations in the 
coder. 

In a single-channel CCRL, only one command K is formed at the output of 
the decoder. This command is a function of time. The number of signals pro¬ 
duced by the decoder of a multichannel CCKL is dependent on the number of 
objects to be controlled (control surfaces, motor, etc.). The decoder in¬ 
cludes filters, demodulators, commutators, decoding devices, etc. 

The radio receiver and decoder form the receiving apparatus of the CCRL 
carried on the rocket. 

In most cases, the output signals (commands) of the CCRL should be a dc 
voltage. If control is accomplished by smoothly moving control surfaces, the 
CCRL commands should be continuous functions of time. When it is necessary 
to bring the rocket into a dive, cut out the engine, etc., the CCRL should 
produce commands in the form of dc pulses (video pulses) which act upon the 
corresponding relay in the automatic pilot. As already mentioned, commands of 
this type are called single commands. One of the distinguishing characteris¬ 
tics of these commands is that the definite effect produced by them on the 
controlled object subsequently usually cannot be reversed. 

When the rocket has spoilers or oscillating control surfaces, the CCRL 
decoder includes apparatus for producing periodic bipolar square pulses with 
the durations T-j_ and T 2 , depending on the value K a . Commands in the form of 

bipolar pulses also are called continuous commands. 

The concept of a "continuous command," in essence, means that there is a 
functional relationship between K and K a which can exist at each particular 

moment or only at individual (discrete) times. In the latter case, the con¬ 
tinuous function K a (t) is transmitted discretely in time and a continuous 

CCRL output signal is obtained as a result of processing pulses reflecting the 
value and sign K a (t) when t = t-^, t 2 , t^_^, t^, ..., t n , where the in¬ 

tervals At i = t^ - t i _^ when i = 1, 2, ... can be identical or different. If 

the pulses are transmitted sufficiently frequently, the command produced / 287 
by the CCRL virtually precisely characterizes K a (t). 

In addition to time quantization of the function K a (t), there can be also 

level quantization. In this case, the CCRL is constructed so that not all 
values K a (t) are transmitted, but only earlier stipulated values. If in the 

case of level quantization of K a (t) the process of control of a rocket or other 

object remains virtually constant, it is assumed that the CCRL ensures the 
transmission of continuous commands. 
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Since the rocket course and pitching control signals should be bipolar, 
the transmission of the command K„ usually is accomplished using two subcarrier 

a 

oscillations. One of them is a sort of reference and at the receiving end 
serves as a comparison voltage; the other is a working signal. The working 
subcarriers always are modulated by the transmitted command, whereas the refer¬ 
ence oscillation can be modulated or unmodulated. If the command K & acts upon 

both subcarrier oscillations, the coder modulator is constructed in such a way 
that the increment of the modulated parameter of one subcarrier oscillation 
increases and that of the other decreases. 

Due to the use of two subcarrier oscillations for transmission of the com¬ 
mand of one control channel, good conditions are ensured for obtaining a high 
stability of the zero of the amplitude characteristic of the CCRL, which deter¬ 
mines the dependence of K on K & . 

At the same time, CCRL can be created in which the command modulates only 
one subcarrier oscillation. The sign of the command in such CCRL is deter¬ 
mined by the formation of a signal difference at the output of the CCRL, ob¬ 
tained from the subcarrier oscillation and a standard comparison voltage (cur¬ 
rent) created by a special source on the rocket. However, CCRL constructed on 
such a principle, although they are the simplest from the technical point of 
view, do not ensure the stability of transmission of the zero command and pos¬ 
sess low noise immunity. 

For transmission of continuous smooth and level-quantized commands, the 
CCRL coders can employ various kinds of modulation of sinusoidal or pulse sub¬ 
carrier oscillations by commands fed from the command forming apparatus and 
especially pulse-width, phase, frequency and pulse-code modulation of the sub¬ 
carriers. We note that phase and frequency modulation of video pulses (pulse 
subcarriers) frequently are called pulse-phase (pulse-time) and pulse-frequency 
modulation. The transmission of single commands is accomplished using code 
groups of video pulses or pulses of sinusoidal oscillations. 

The CCRL transmitter can produce both continuous and pulse signals. The 
times characterizing the beginning of signal formation by it can be given in 
the course of rocket guidance by coder pulses or by special commands. The /289 
latter method is used in those cases when the transmitter should not gener¬ 
ate oscillations between the times characterizing the change of the values of 
the transmitted commands. The carrier produced by the transmitter is modulated 
by coder signals, either in amplitude or frequency. 

In order to ensure the possibility of commands for different purposes in 
separate circuits (channels) at the receiving end, the principles of frequency, 
time and code selection are used, as in multichannel systems of radiotelephonic 
communication. Whereas in the frequency and time methods of separation of 
channels each subcarrier oscillation is characterized by corresponding fre¬ 
quency and time criteria, the code selection method is based on the use of com¬ 
binations of pulse subcarriers, forming for each channel a group of pulses with 
a preset interval between them. 
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Figure 7-2 


The considered functions of the individual components of the CCRL and the 
character of its output signals show that CCRL differ from one another in types 
of subcarriers, kinds of modulation in the coder, methods of separation of 
channels, operating regimes and types of modulation of the transmitter carrier, 
types of CCRL output signals, types of comparison signals, etc. This means 
that in practice it is possible to encounter a great variety of types of com¬ 
mand control radio links. 

A command control radio link used for signal transmission for actuating 
the control surfaces of a rocket is one of the links (radio links) of the con¬ 
trol system and is characterized by corresponding equations relating the CCRL 
input and output signals. In the study of the characteristics of a multichan¬ 
nel CCRL as a link of the control system, it must be remembered that the CCRL 
is an apparatus with several inputs and outputs. However, the CCRL apparatus 
used for transmission of several commands usually can be divided into a number 
(depending on the number of channels) of identical and independently operating 
parts. Therefore, in all cases when the effect of radio interference is not 
taken into account, when such interference causes appearance of a recipro- /289 
cal effect on the channels, one CCRL channel alone need be considered. 

If inertial properties are not taken into account, the processes occurring 
in a single-channel CCRL, as in a link of a closed control system, the first 
step is to determine the amplitude characteristic of the CCRL. When K a and K 

represent continuous functions of time, the CCRL amplitude characteristic has 

the form shown in figure 7-2a. Usually, the curve K = f(K a ) is symmetrical 

relative to the K and K axes. 

a 

The value 


k CCRL 




(7.1.1) 


is called the transfer constant of the CCRL. This constant can be either 
dimensionless or dimensional. In most cases, the CCRL is constructed in such 
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a way that its amplitude characteristic is not only symmetrical, but within 
certain limits is linear. 

If the CCRL is used for transmission of level-quantized commands, the ap¬ 
proximate form of its amplitude characteristic can be represented as shown in 
figure 7*2b. The transfer constant of a CCRL of this type can be determined 
using formula (7-1.1) if it is assumed that the dependence K = f(K ) is charac¬ 
terized by a curve passing through the middle of the "steps." 

These types of amplitude characteristics can be obtained in CCRL with both 
direct and variable comparison voltage (current) if K a assumes positive and 
negative values. 

When K a ^ 0, which usually is the case when using command forming appara¬ 
tus of the discrete type or when using nondifferential command pickups in non¬ 
automatic control systems, the amplitude characteristics of the CCRL can be 

represented as shown in figure 7*2a and b, provided K is understood to be the 

a 

value of the signal at the output of the command forming apparatus or the com- 

mand pickup, decreased by the value a max , where K a max is the maximum value 
of the transmitted command. 2 

In the planning of CCRL, one of the principal requirements is that there 
be linearity of its amplitude characteristic for the working range of changes 
of K a from K a min to K Q max (fig. J.2a). This requirement essentially can be 

reduced to the problem of ensuring the constancy of k for all values K in 

CCRL a 

the range K a min ^ K a ^ K a max . The need for satisfaction of the condition 

k = const can be attributed to the fact that k enters as one of the co- 
CCRL CCRL 

factors into the expression determining the general amplification factor of the 
control system. Considerable changes of k can be a cause of worsening of 

the quality and stability of the guidance process, especially if K Q contains 

components intended for the compensation of dynamic errors in guidance of /290 
a rocket to the target. In addition, the nonlinearity of the amplitude 
characteristic when various fluctuations are present leads to an increase of 
distortions of transmitted commands. In actual practice, the range of linear¬ 
ity of the dynamic characteristic usually is limited by the technical possibil¬ 
ities of electronic instruments. 

Taking into account the inertia of a CCRL with a linear amplitude charac¬ 
teristic, the CCRL transfer function can be represented in operator form most 
frequently as 
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t (t>\ _ k CCRL 

= K a (t) = 1 + T ccrl D' 


(7.1.2) 


where T is the time constant of the CCRL (output filters of the decoder). 
CCRL 

In comparative evaluations of different types of CCRL, it is convenient to 
deal not with the commands K, but with the dimensionless coefficient K c , deter¬ 
mined by the relation 


. _ _K_ (7.1.3) 

C ' “max’ 


vhere K is the current value of the CCRL output command, and K v is the maxi- 

7 max 

mum value K. 

The value K Q usually is called the command coefficient or the relative 

command. In CCRL with a symmetrical amplitude characteristic, the coefficient 
K q varies in the range ±1. If the CCRL has an amplitude characteristic which 

is asymmetrical relative to the K-axis, the negative value K c can be both 
greater than and less than unity. 

Expression (7*1.3) shows that the value of the output command is 


K = K max K C 


The command coefficient can be found not only for the CCRL output signal, 
but also for signals forming at different points in the coder and decoder, in¬ 
cluding the CCRL input. 

In addition to the mentioned requirements on the high stability of trans¬ 
mission of a zero command and the constancy of it is necessary that the 

errors in transmission of commands (recalculated to rocket miss) be at least an 
order of magnitude less than the total mean square error of guidance and that 
the CCRL have high noise immunity and reliability. 

We note in conclusion that the functions performed by the CCRL coders and 
decoders, and also by the instruments for conversion of analog values into a 
number and vice versa coincide to a considerable degree. Therefore, all the 
material which follows will be based on extensive data on problems involved in 
the design of CCRL, multichannel radio communication systems and instru- / 291 
ments for conversion of certain values into others (refs. 2, 4, 14, l6, 20, 

63, 109, HO and others). 
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Figure 7-3 


7.2. CCRL Coders and Decoders with Pulse-Width Modulation 
of Sinusoidal Subcarrier Oscillations 

In a single-channel CCRL with sinusoidal subcarriers and variable compari¬ 
son voltage, the durations T-^ and T2 of effect of the subcarriers u gu ^ ^ and 

u sub 2 7.3a, b), transmitted periodically, vary in dependence on the 

value of the transmitted command. With an increase of K . the value T, in- 
creases and decreases, but in such a way that the sum remains con¬ 

stant and equal to the repetition interval T of the voltages u , , and u 

sub 1 sub 2 

In order for the subcarriers to be separated at the receiving end, they should 

have the different frequencies f , . and f , 0 . 

* sub 1 sub 2 

The value of the command K at the output of the coder in such CCRL is 

u 

determined by the difference of and T^, that is 



The value K coincides with the value of the command produced by the command 

commutator pickups or is related by the following relation to K_ if the com- 

a 

mand forming apparatus produces K Q in the form of a dc voltage 
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K C = T 1 • T 2 = ¥a- 


(7.2.1) 


Here is the transfer constant of the coder, characterizing the value K^, for 

a unit value K . 

a 

The coder should be constructed in such a way that when K = 0, the con- 

a 

dition T-^ = is satisfied. Since the maximum value of the command at /292 

the coder output can be equal to T, for the coder command coefficient K , we 
find Cc 


K 


Cc 



( 7 . 2 . 2 ) 


As a result of summation of the subcarriers 
by commands, we obtain the total signal u (fig. 7-3c), 

Zj 

CCRL radio transmitter for modulation of the carrier. 

The discussed method for modulation of subcarriers 
time method for formation of the.quantitative values of 
pause or the time relations method. 

Command radio links with a passive pause also are possible. They are / 293 
characterized by the fact that the value and sign of the control command 
are transmitted by only one subcarrier oscillation. However, the use of CCRL 
with a passive pause, despite its relative simplicity, is less desirable. This 
can be attributed to the fact, in particular, that they afford more favorable 
conditions for disruption by interference in those intervals of time when use¬ 
ful signals are not present. 

If the CCRL with an active pause should be an N^-channel apparatus, the 

coder should contain 2N^ individual generators of subcarrier oscillations, each 

pair of which is used for formation of the command for a single control chan¬ 
nel, or generators, the frequency of each of which can be manipulated. 

The form of the functional and circuit diagrams of coders of CCRL with 
pulse-width modulation of sinusoidal subcarrier oscillations is determined to a 
considerable degree by the type of the initial signals of the command forming 
apparatus. However, in any case, the coder should include generators of 
sinusoidal subcarriers and modulators ensuring the formation of groups of sinu¬ 
soidal oscillations of the corresponding durations and also a summer. 


and u ^ modulated 
which is fed to the 

sometimes is called the 
commands with an active 
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a 



Figure 7.4 


If the output signals of the command forming apparatus are dc voltages, 
the functional diagrams of the coders can be represented as shown in figures 
7.4a and b, depending on whether only electronic devices are used or both elec¬ 
tronic and electromechanical apparatus are employed. These figures show dia¬ 
grams of coders for a two-channel CCRL. Coders for CCRL with > 2 can be de¬ 
signed in a similar way. 


The input signals and of the first and second control channels in 

the coder, whose functional diagram is shown in figure 7.4a, are fed to the 
amplitude discriminators AD^ and AD^. These same components are fed a /294 

sawtooth voltage u (fig. 7.5*0 from the constant-potential generator CFG. 

The CPG is synchronized by u^ pulses (fig. 7*5a) from the pulse generator PG. 

In the range 0 ^ t ^ T (fig. 7 . 5 * 0 > when K . > u , the tube of the amplitude 

X ai s aw 

discriminator AD^ is blocked out. At the time t = T-^, the tube AD^ is 


Digitized by 


Google 


320 














unblocked, and as a result a negative voltage jump is formed on its load re¬ 
sistance. The amplitude discriminator AD^ remains operative to the time t = T, 

when the condition K a > u saw again begins to be satisfied. It is easy to see 

that the time during which AD^ remains unblocked and blocked out within the 

limits of the period T is dependent on K &1 . The amplitude discriminators, 

pulse generator and saw-toothed wave generator are used for conversion of volt¬ 
ages into time intervals. 

By means of the shaper Sh^, the AD^ output signals are converted into 

square pulses (fig. 7-5 c )- The duration of the pulses corresponding to the 
condition > u saw is equal to 



vhere U 
m 


is the amplitude of the voltage u 



This expression shows that T^ 


is determined by the value of the command 


The signals u 


P 


(fig. 7.5c) cause operation of the commutator Com^, en¬ 


suring the passage of the subcarrier oscillations of the generators Gen and 
Gen^ to the summer E. Since 


T 2 =T- 
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the command and the command coefficient for the first channel at the 

coder output are equal to 


K C1 " T 1 " T 2 ~ U m K al - k Cl K al' 


(7.2.3) 


T 1 - T 2 _ 1 = ^C1 K 

ucl T u m al t al* 


(7-2.4) 


where k , is the transfer constant of the K d1 command coder. 

Cl ax 

Figure 7*5 and expression (7.2.3) show that the value can assume any 
values in the range from -U m to +U m . This makes it possible to obtain a com¬ 
mand coefficient which varies in the closed interval ±1. 

Since the input command coefficient is 


icl K, 


al max 


where K a ]_ max is the maximum value of the transmitted command , on the /2?5 

basis of expression (7.2.4), we obtain the following formula determining the 
relationship between and ^ 


W v al max if 

Cel “ Cl T icl' 


The value 


k Cl K al max 


which can be equal to or less than unity, charac¬ 


terizes the transfer constant of the command coefficient of the coder. 

In addition to the saw-toothed wave generator and the amplitude discrimi¬ 
nators, it is possible to use delay multivibrators and phantastrons in the 
coders. However, their use is undesirable because, in actual practice, it is 

not possible to obtain the values K n ^ 0.6-0.7. 

oc 

Formation of the voltage u^, representing groups of sinusoidal oscilla¬ 
tions with the durations T„ and T. , determined by the command K is 

3 4 a2 
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accomplished as in the first control channel. For this purpose, it is possible 
to use the pulse generator PG, the saw-toothed wave generator STWG, the ampli¬ 
tude discriminator KDq, a pulse shaper Sh^, a commutator Com^ and the genera¬ 
tors Gen^ and Gen^ (fig. 7*4a). 

The expressions for the command K and the command coefficient K 

F C2 Cc2 

formed in the second channel are determined by relations (7*2.3) and (7.2.4), 
if K C1 and K Ccl in them are replaced by and ^ Cc2 > and K a ^ b y K a 2‘ 

The coder output signal is the voltage u c forming at the output of the 
summer £. 

Figure 7.4a shows that the coder includes elements common for all channels 
(pulse generator, saw-toothed wave generator and summer) and also elements for 
only one (specific) channel. Elements of the first type form a synchronizer and 
control apparatus, and elements of the second type form modulators in which 
width-modulated video pulses are produced under the influence of the arriving 
commands. It should be noted that such a makeup of coders is characteristic of 
most CCRL. 


In the coder whose functional diagram is shown in figure 7.4b, the forma¬ 
tion of the voltage u occurs in the following way. The command voltage 

(fig. 7.6a) and the sawtooth voltage u gaw (fig. 7.6b) of the saw-toothed wave 


generator STWG are fed to windings 1 and 2, respectively, of the polarized relay 
Rel^. At the times when the signal u re ^ = u gaw . + K a ^ (fig. 7.6c) assumes ap¬ 


proximately zero values and the contact Con^ of the relay Rel^ is triggered, as 
a result in the time T-^ a voltage of the frequency f gu jj ^ is formed at the out¬ 


put of the summer £. If the amplitude and period of the sawtooth are 
equal to U m and T, respectively, it is easy to see from figure 7.6c that 


/296 


7*1 = y + 2AA 

Since the triangles ABC and DEC are similar (fig. 7.6c), then 


Therefore 


But since 


A/ = 


47 ^ 1 - 



(7.2.5) 


T 


= T 


T-, 


> 
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then 



( 7 . 2 . 6 ) 


On the basis of expressions (7*2.5) and (7.2.6), it can be found that the 

values of the command K„ n and the command coefficient K_ .. for the first chan- 

C1 Cel 

nel at the output of the coder will be determined by formulas ( 7 . 2 . 3 ) and 
(7.2.10. This means that despite the difference in different possible cir¬ 
cuits, from the point of view of the transfer constants, both considered types 
of coders are identical. The voltage u^ , characterizing the command K , is 


formed precisely the same way as the signal u, 


a* 


In order for the condition T n = T_ = ^ to be 

! 2 2 


satisfied when = 0 , 


CCKL coder should be balanced. This means that it is necessary to ensure 
the selection of a corresponding AD^ (fig. 7.^a) and also obtain a sym¬ 


the 

im 


metrical voltage of the "sawtooth" and setting of virtually zero response 
thresholds of the relays Rel^ in the coder whose circuit is shown in figure 


7.4b, In those cases when the CCKL input signals are the duration of closing 
or the interval between brief closings of the contacts within the limits of the 
period T, the functional diagrams of the coders assume the form shown in figure 
7.7a, b. 


In the coder whose functional diagram is shown in figure 7«7a> the input 

command K of the first channel constitutes the difference T - of the 
ax 1 d 
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Figure 7.7 


durations of closing of the moving contact Con^ with bars 1 and 2; here 

1*1 + = T in the period T of oscillations of contact Cor^, which together 

with the bars 1 and 2 forms the modulator of the first channel. In the periods 
and subcarrier oscillations from the generators Gen^ and Gen^ having 

the frequencies 1 and f su b p are ^ e & alternately to the summer E. The 

voltage u forming at the output of the modulator of the first channel char- 

/■il 

acterizes the output command of the coder K for the first channel. 

ox 

It follows from the principle of operation of the coder that 


K = K = T, 
Cl al 1 


T . 

2 


This shows that the transfer constant of the coder is equal to unity. 


The voltage u , characterizing the command of the second channel, is 
E 2 

formed by the modulator and the generators Gen^ and Gen^ which produce 

sinusoidal subcarrier oscillations with the frequencies f and f . . 

sub 3 sub 4 

If the output signals of the command pickup CP (fig. 7*7h) for the first 
channel are periodic closings of the contacts Con^ and Con^ at the interval T^ 

within the limits of the period T, the trigger Tr^ and the commutator Com^ are 

used for modulation of the Gen^ and Gen^ subcarrier oscillations. 

The command of the second channel is given by the intervals of time /298 

between the times of closing of the contacts Con^ and Con^ and its conversion 
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Figure 7.8 


to subcarrier oscillations is accomplished by the trigger Tr 


2’ 


the commutator 


Com 


2 and the generators Gen^ and 


A coder of the latter type, as well as the coder whose diagram is shown in 
figure 7 . 7 a, is characterized by transfer constants equal to unity for both 
channels. 


In all four considered types of coders, it is assumed that there are two 
independent subcarrier generators for each channel. In such a method of de¬ 
sign of coders, at the time of switching of frequencies, there is a disruption 
of the phase continuity of the subcarrier oscillations. This undesirable 
phenomenon can be eliminated by replacing the two generators with a single 
generator with commutatable parameters of the oscillatory circuit. In this 
case, it can be assumed that, in each coder channel, there will be frequency 
modulation of a sinusoidal voltage by square pulses, which in turn are modu¬ 
lated by the duration of the transmitted command. 

It follows from an analysis of the illustrated coder designs that they are 
virtually inertialess links. A similar conclusion can be drawn with respect 
to other types of CCRL coders. 

When developing models of CCRL decoders with pulse-width modulation of 
sinusoidal subcarrier oscillations, it is necessary to take into account the 
problems solved by such apparatus. A possible variant of the functional dia¬ 
gram of the decoder of a two-channel CCRL is shown in figure 7*8. 


The voltage u in fed from the CCRL radio receiver, for each moment of time 


representing the sum of the subcarriers of the first and second channels, is 
fed to the separation filters SF^, SF 2 , SF^ and SF^. These filters transmit 

subcarriers only with frequencies equal to f gub f sub 2 > f S ub 3 and f sub k’ 

respectively. At the outputs of the separation filters SF^ and SF^, groups of 

sinusoidal oscillations Ug Ub ^ and u^ ub ^ are formed (fig. 7-9a, b) with the 


326 


Digitized by LjOOQle 
















PkD 2f 


^1 


u rel li 


u rel 2k 


u 


rel If 


u 


rel 2k 




HZT 


HZ T 


/- 


f~~\ f. 

r 

I 


r 

r 

L_ * 




r . 




* 

* 


. 

t 

f 

Umi 

1 



t 


t 

i 1 



r-’t r 




t 

► 


t 

T t t 

_ 


Z_la. 

L 


Figure 7.9 


durations T* and T* , differing from T and T due to transient processes 
i • 1 2*1 1 2 


in the CCRL receiver. However, with a sufficiently high degree of accu- /299 

racy it can be assumed that T' = T and T' = T . 

1.1 1 2.1 2 


By means of the peak detectors PkD, and PkD„, the dc pulses u and 

J 1 2’ * PkD 1 


PkD 


^ (fig. 7 - 9 c, d) are formed from the groups ^ and U g U b 2 ' P u -*- ses 


327 


Digitized by 



, where the voltage u ^ is formed 

(fig. 7.9e). 

Under the influence of this voltage, the threshold apparatus TA^ is 

"thrown" (see fig. 7-8); a trigger or an electromagnetic relay can serve as the 
TA. 

It is desirable to use a TA because it is necessary to convert the u 

EL 

into square pulses with a constant amplitude. Since the value of the command 
is reflected only by the segments T-^ and T^, the amplitude of the output pulses 

of the decoder should be constant. However, it can change, for example, due to 
the effect of noise. 


u„, ^ - and u_ _ ^ are fed to the summer E, 
PkD 1 PkD 2 l 


If an electromagnetic relay is used as the TA^, by means of its moving 
contact the low-frequency filters and F^ are connected to the positive pole 
of the dc voltage source. This means that F^ and F^ are fed the pulses u re ^ ^ 
and u re -^ 2 > shown in figure 7»9f> 6- The times of appearance of these pulses 
relative to the time of feeding of the signals u^ u ^ ^ and u^ u ^ ^ will he 
shifted by the value g, which indicates that the considered CCRL will trans¬ 

mit commands with a delay. The durations of the pulses u re ^ ^ and u re ^ 2 are 
equal to T «T and T « T , respectively, and their amplitudes are U , 

and U gj in a general case, U m1 ^ U^. The same picture is obtained when using 
a trigger with "grounded" anodes (cathode load). 

When a trigger with an anode load is used as the TA, in a general case, 
the voltages u rel and u rel shown in figure 7*9h, i, will be fed from the 

anodes of its tubes. The beginning of the times of "throwing" of the trigger 


also is displaced by some value and the durations of the positive drops 

are T «T and T sa T . 

1.1 1 2.1 2 

The minimum and maximum voltages u , u and u + U , u + U _, where 

12 1 ml 2 m2 

U and U p are the amplitudes of the positive voltage drops of the left and 


right tubes of the trigger, can be different. This depends on whether the 
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trigger is rigorously symmetrical or not. In addition, the values of these 
voltages are influenced by the response thresholds of the trigger tubes. 


The voltages produced by the trigger act on the filters F-^ and Fg. Since 


the signals formed by an electromagnetic relay or a trigger with "grounded" 
anodes are a special case of triggering pulses with an anode load, it will /301 
be assumed henceforth that the threshold apparatus TA^ always produces the 


voltages 1 and u rel 2 skown figure 7* 9h, i. 


The low-frequency filters F^ 


and F p 


in essence are demodulators of the TA 


1 


width-modulated video pulses. These devices separate out the mean components 
and u ?2 of the voltages u rel 1 and u rel 2< 


The difference 


V - ^2’ 


forming by means of the subtracting device SD, 


whose transfer constant will be assumed equal to 1, constitutes the control 
command K for the first channel (fig. 7•9j)• Thus, 


K i • hn - “F2- 


However, in a steady-state regime, during transmission of the command repre¬ 
sented by the time segments T^ and T p , 

U F1 ' Vl + k Fl U ml 

and 

Up2 = k F2 U 2 + ^F2^im2 


where k and are the transfer constants of 
FI F2 

taking into account expressions (7*2.5)* (7-2.6) and (7.2.3)* we obtain the fol¬ 
lowing equation for the CCRL decoder of the considered type (for the first 
channel) 


(7.2.7) 


( 7 . 2 . 8 ) 


the filters F, and F p . Then, 


A r . = A Fl («, + y V m2 ) 


+ 


kw\U m \ 4- kw'jUm* Kc\ 
2 T 

^ F 2 (#2 + ~2 


= *F.(«I +y O- 
Uml} + \Kc\- 


(7.2.9) 
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Here 



^Al + k F2 U m2 
2T 


(7-2.1C) 


is the transfer constant of the CCBL decoder for the first channel 
characterizes the command coefficient at the coder output. 


K 


and 


Cl 

T 


It can be seen from expression (7.2.9) that when K = 0, the value of the 

CCRL output signal when kj^(u^ + 0.5 U^) £ k^^u^ + °«5 U^) trill differ from 

zero. This means there is a systematic error present. In order to eliminate 
this error, it is necessary that one of the CCRL output stages has a control 
device by means of which it is possible to balance the CCRL decoder. 


The essence of balancing of the decoder (under the condition that the /3 r l 
coder is balanced) is the setting of a zero voltage at the output of the 
CCRL when transmitting commands = 0. 

If the CCRL is balanced, the following condition is satisfied 



k P2 D m2 ' 2(k Fl u l - k F2 u 2 ) + k Fl U ml 


and 

K d 

K 1 = ( k Fl U ml + " k F2 U 2' > “t~ = hAl' 

(7.2.11) 

where 

k Dl = | (k Fl U ml + h?l U l ~ k F2 U 2 } - 

(7-2.12) 


Expression (7.2.12) shows that the transfer constant of a balanced decoder is 
dependent on k^, k^, U ml* u l* u 2 and order ^ or to be ma xi^al> it 

is necessary to increase the maximum voltage u^ + U fed from the TA and de¬ 
crease the value u^. m 

If the TA is symmetrical, which as will be assumed henceforth corresponds 

to satisfaction of the condition u. - u 0 and U n = U ~ = U , the filters F, and 

1 2 ml m2 nr 1 

F2 should have identical transfer constants k^ and k^, equal to In such 

CCRL 


k™ = - k_U . 
D1 t F m 
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The maximum possible value IC^ max of the CCKL output signal will be ob¬ 
tained when u rel 1 ( t ) = + U ml and u rel 2 (t) = u 2 ; it is 

*1 max = ^1^1 + ^F1 U 1 " k F2 U 2‘ 

Therefore, on the basis of expression (7.2.11), it can be concluded that the 
command coefficients and at the output of the CCRL coder and decoder 

are identical and equal to 


K , = K_ , = 
cl Cel 



As mentioned, the value and therefore K c ^, can vary in the range ±1. How¬ 

ever, in actual practice, CCRL are designed in such a way that the values 

and K„ , do not exceed ±(0.8-0.9). This can be attributed to the fact that 
Cel 

with an increase of K c ^ there is a decrease of the minimum duration T m ^ n of 


effect of the subcarriers; as a result, there should be an increase of the 
transmission band of the separation filters and other stages of the CCRL re¬ 
ceiver. T ra ^ n decreases particularly rapidly when I K c -j| > 0.8. In actuality, 


when 



0.8, the value T._ = 0.1 T, but when K - 
J min * C-L 


0.9, this value be¬ 


comes equal to 0.05 T. It follows therefore that with an increase of K c ^ by 


only 10 percent, it is necessary to double the width of the passband of a num¬ 
ber of decoder stages. 


The transfer function of the decoder for the first channel, characteriz- 

K i (t) 

ing the ratio —is determined by the parameters of the filters /303 

01 

and F 2 , since all the other decoder stages are virtually inertialess. 


Since the radio transmitter and the radio receiver do not change the 

values of the transmitted command, the transfer constant k of the command 

CCKL 1 

control radio link for one (the first) channel on the whole is equal to the pro¬ 
duct of the transfer constants of the coder and decoder, that is 
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k CCRL 1 ~ k Cl k Dl' 


For example, if the CCRL employs a coder whose functional diagram is shown in 
figure 7.4a or b, when k^ = k^, U ml = U m2 and - u 2 


= k T 


U, 


’ml 


CCRL 1 " FI jj—> 
m 


(7.2.13) 


since formula (7-2.3) shows that 


= —• 


Cl 


u, 


m 


When the CCRL includes a coder constructed as shown in figure 7* 7a, 


k CCRL 1 k Dl * 


(7.2.14) 


The CCRL transfer function (for the first channel) with identical filters F^ 
and F 2 is defined by the following expression 


K,(t) 

L(B) " TTTi) ‘ k ccRi i w fi ( i>) ’ 

al v 7 


(7-2.14a) 


(7.2.15) 


where W (D) is the transfer function of the filter F,, normalized relative to 
FI J- 

k 


FI 


Expression (7-2.15) represents the general form of the CCRL equation. 


If the specific form of the equation (7.2.15) is known, it is relatively 

easy to compute the dynamic and fluctuation errors in transmission of commands 

for given characteristics of distortions of the input command K . 

a 

The forming of the command K 2 (fig. 7-8) in the second channel of the 
decoder is brought about using the separation filters SF^ and SF^, peak detec¬ 
tors PkD^ and PkD^, summer E 2 , threshold apparatus TA 2 , filters F^, F^ and the 
subtracting device SD 2 , exactly as with the signal K^. 
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As already mentioned, the CCRL usually is assumed to be an inertialess 
link, since the delays arising in it are negligibly small. 

The output signals of the decoder whose functional diagram is shown in 
figure J'Q, without any additional conversions, can be used for activating 
smoothly moving control surfaces. 

If CCRL commands are required to activate the spoilers or the oscil- /3Q*+ 
lating control surfaces of the rocket, the low-frequency filters and the 
subtracting devices are excluded from the decoder, and the value of the com¬ 
mand in the first channel will represent the difference of the time inter¬ 
vals T and T of presence of the TA in different possible states, that is 
1.1 2.1 

h = T l.l - T 2.1 ** T 1 ■ T 2* ( 7 . 2 . 16 ) 


In this case, the decoder constitutes an inertialess link with the trans¬ 
fer constant k = 1. The command radio link, producing a command whose value 

and sign are determined by expression ( 7 . 2 . 16 ), depending on whether the coder 
is designed as shown in figure 7*^ or figure 7-7, has a transfer constant for 
the first channel 

k = k = 

CCRL 1 Cl U m 

or 

k CCRL 1 = 1 * 

The transfer function of such a CCRL is equal to L(D) = k , since its 

CCRL 1' 

coder and decoder in essence do not contain inertial apparatus. 


7*3* CCRL Coders and Decoders with Pulse-Width Modulation 
of Pulse Subcarrier Oscillations 

The intervals T^ and T^, discussed in the preceding section, can be re¬ 
flected not only by sinusoidal oscillations, but as was demonstrated in chapter 
5 also using a definite number of periodically repeated video pulses. A CCRL, 
therefore, can be constructed in such a way that a command of the first channel 

K will be reflected by the signals u (groups of pulses) shown in figure 
aj - Cl 

7.10a. 
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Figure 7-10 


With a change of the transmitted command K^, there will be an increase or 
decrease of the number of video pulses u^, which in essence is equiva- /305 
lent to occurrence of pulse-counting modulation in the CCRL coder. 

If the video pulses at the coder output reflect only the interval and 
the time segment is determined as the difference T - T^, where T is the com¬ 
mand repetition period, a CCRL is obtained with pulse-counting modulation and a 
passive pause. It also can be assumed that in such a CCRL there will be pulse- 
width modulation of the pulse subcarrier oscillations. 

It is easy to see that the signals shown in figure 7.10a are obtained on 
the basis of figure 7-3 a > if there are video pulses at the point of the zeroes 
of the sinusoid u su ^ ^ with its transition, for example, from negative to 

positive values. 


When the intervals and are reflected by video pulses, a CCRL is 
formed which has pulse-counting modulation and an active pause. 

The use of pulse subcarrier oscillations instead of sinusoidal voltages 
for reflection of the intervals and T^, the sum of which is T, in essence 

leads to conversion of transmitted signals of the analog type (voltage, cur¬ 
rent, etc.) into a number of pulses, that is, into a digit-pulse code. 

In CCRL coders with pulse subcarriers employing the active pause prin¬ 
ciple, which as in CCRL with sinusoidal subcarriers is the most desirable, the 
value of the input command K a ^ in the first CCRL channel eventually is con¬ 
verted into the difference of the numbers m^ and m^ of the video pulses, sepa¬ 
rated from one another by the time T., and as a sum of the components m = — 
of pulses. 1 
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It follow’s from the above that the signal u 


Cl' 


characterizing at the 


output of the coder in a CCRL with an active pause should have the form shown 
in figure 7-10b, and the value of the command is determined by the follow¬ 
ing expression 


K C1 = m ! - m 2 - k ci K al‘ 


(7-3.1) 


Since = m, for the command coefficient at the output of the coder 

Cl max 

for the first: channel, we obtain 


K 


Cel 


m 1 - m 2 


m 


'Cl 


m 


^al max^icl' 


( 7 . 3 . 2 ) 


where 


m = m^ + m^. 



end, the pulse subcarriers acting on the intervals and in some way should 

differ from one another. In figure 7*10b, this circumstance can be noted from 
the fact that the signals of the first and second subcarriers are denoted by 
solid and dashed lines, respectively. 

A difference between the two sequences of pulse subcarriers can be en- /306 
sured by applying the principles of frequency, time and code selection 
of signals. Pulse selection on the basis of duration, shape and other crite¬ 
ria also is possible. 

The principle of code selection applied to the considered case has as its 
basis the fact that each subcarrier oscillation represents code groups of 
pulses with a preset interval between them, rather than individual pulses. 

Such pulse groups are called timing codes. As an example, figure 7-10c, d 
shows three-pulse (three-unit) timing codes, also called symbols of the first 
and second kinds. 

When the principle of time selection is applied both subcarrier oscilla¬ 
tions represent individual pulses with identical parameters. Special syn¬ 
chronizing signals should be transmitted before each pulse or group of pulses 
of the subcarriers for separation of such signals. This appreciably compli¬ 
cates the CCKL, especially in the case of a large number of transmitted com¬ 
mands, and therefore the time selection method will not be considered further 
here. 


Frequency selection requires groups of sinusoidal oscillations with dif¬ 
ferent frequencies. 
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Figure 7.11 


If the CCRL must ensure the transmission of commands, it is necessary 
to have 2N^ pulse subcarriers; in this case, each code group of all the chan¬ 
nels, when using the principle of code selection, on whose basis all subsequent 
considerations will be made, must be situated in a definite place within the 
limits of the interval T . Usually, the total number of code groups forming in 

all channels in the time T must be assumed identical and equal to m. 

The functional and block diagrams of a coder can be developed in accor¬ 
dance with the essence of the considered method for transmission of commands. 
As an example, figure 7-11 shows a diagram of one of the possible variants /30 7 
of a two-channel CCRL with pulse subcarriers which are separated at the 
receiving end in accordance with the principle of code selection, on the con¬ 
dition that the input commands and K q2 are dc voltages. 

Synchronization of the operation of all the stages of the coder is accom¬ 
plished using the pulse generator FG, producing the voltage u^ (fig. 7-12a). 

This voltage is fed through the delay stages DS^ and DSg to the coders C^, C^, 

C^ and C^, whose number is determined by the number of subcarriers, and a pulse 

frequency divider Div. The divider Div is used to form the pulses u (fig. 

div 

7.12b), the time distance T between which is equal to the repetition rate of 
the commands. These pulses are triggering pulses for the stages and M^, in 

which there is pulse-width modulation of the video impulses by the commands 
K ^ and K^. As the modulators and Mg which convert voltages into time in¬ 
tervals, it is possible to use the same devices as in a CCRL with sinusoidal 
subcarriers. The modulator produces the pulses u^ and u^g (fig. 7.12c, d) 

with the durations T^ and Tg determined by the command K^, but the duration 
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Figure 7.12 


of the pulses produced in the modulator M p is dependent on the value K . The 
signals u^ an< ^ are ^ e ^ the coincidence stages CS^ and CSg, and the 

pulses from Mg are fed to CS^ and CS^. In addition, CS^ CSg, CS^ and CS^ are 
fed code groups of pulses from the coders Cg, and C^, characterizing 

the first and second subcarriers of both CCRL channels. 

The coincidence stages transmit to the summer £ the timing codes only /308 
during those intervals of time when positive voltages are fed to them from 
and Mg. 

The output voltage u of the coder represents the sum of the signals pro- 
duced in CS^ CS 2 , CS^ and CS^. 

CCKL coders with pulse-counting modulation in essence have no inertial 
elements, and as links of control systems are characterized by transfer con¬ 
stants for the different channels dependent on the form of the transmitted 
commands. 

For example, the transfer constant k for the first channel, in a case 

Cl 

vhen the command K represents a dc voltage, can be found from expression 

ax 

(7.2.1k) when T is replaced by m. Then, when a saw-toothed wave generator 
and comparison circuits are used as a modulator (fig. 7.^-a) we find that 
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K, 


Cl 


= m n 


mo = 


m v 
u ml 01 ' 


When K a -^ is given by the difference of the intervals and T^, the value 

T-, T, 

_ -t- /-• -? noo m — 

Cl 


1 ■ L 1 J-p 

= since rn = _ and 

T, It, 2 T, 


However, it should be noted that all the relations cited in this section 
for relating the output and input signals in the coder and decoder to one 
another are correct only for definite discrete values of transmitted commands. 
This can be attributed to the fact that all possible values of the function 
K & (t) cannot be reflected by the finite quantity of numbers formed by tihe 
used set of symbols. 

On the basis of the above, it can be concluded that the amplitude charac¬ 
teristics of a CCRL with pulse-counting modulation have the form of a stepped 
curve and that in the transmission process, errors appear which are due to 
level-quantization of the transmitted commands. 

In order to obtain the amplitude characteristic of the first channel of a 
CCRL corresponding to figure 7*2b, it is necessary that the clipping and the 

T* 

edge of the u^ and u^ pulses (fig. 7-12) develop at the time after 

the last pulse in a symbol of the first kind, under the condition that = m^ 

= 0.5 m. Then, taking into account that when K= 0 the intervals T^ and 

are equal, it is required that the CS displace the u pulses (fig. 7*12a) by 

1 PG w 

T shift ** 0*5 T^. As a result, at the outputs of the coincidence stages CS^ and 
CSg, code groups of pulses are formed which have been shown conventionally in 
figure 7-12e, f. 

When -£■■(- = 0-5 T^, the precise proportional dependence between and 

in expression (7.3*l)> and also in the formulas determining the CCRL output 

signal, will be observed only for = m^Ih, although equations (7.3*1) and 

(7.3.2) remain correct with a change of within the limits of the quan- /3?° 

tization interval determined by the interval T = = 2T.. 

In actual practice, the shift t can be selected considerably smaller 

T, S 1 

than _J;, since the segments between the times of appearance of the edges of the 
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time-coinciding u^ pulses and the first pulses in the code groups fed from 
are not used. However, in the case of transmission of the command K . , the 
interval should be greater than by a value corresponding to the decrease 
T shift‘ Similar reasoning can be applied also to the second CCRL channel in 


which the necessary spacing of the timing codes is accomplished using the delay 
stages DS^. 

Since the amplitude characteristic for any CCRL channel with pulse-counting 
modulation has a stepped form, when applying the transfer constant of the coder 
for the considered channel, it is necessary to employ its mean value (section 

7.1). 


The functional and block diagrams of a CCRL coder with pulse-counting 
modulation and its principal properties are determined to a considerable degree 
by the method for analysis of the subcarrier oscillations and the required 
form of the signals at the CCRL output. Figure 7*13a, b, c, d shows four pos¬ 
sible functional diagrams of coders of two-channel CCRL of the considered type. 

All these coders are designed for forming commands in the form of dc volt¬ 
ages. However, by removing the filters F^F^ and F^F^ in the diagrams shown in 

figure 7 - 13 c and d and by installing a threshold apparatus after SD^ and SD^, 

and also with introduction into the diagrams shown in figure 7 - 13 a and b of 
apparatus converting the voltages and into width-modulated periodic 

pulses, the considered coders can be used for control of spoilers. 

In a coder whose functional diagram is shown in figure 7.13a, the video 

uulses u. are fed from the output of the radio receiver to decoders which are 
m 

the coincidence stages CS^, CS^, CS^ and CS^. These devices, for which a pos¬ 
sible layout for one variant for a three-unit timing code is represented in 
figure 7*l^a, are used for separation of the subcarrier oscillations for sepa¬ 
rate circuits. The coincidence stage contains the tube T of the cathode fol¬ 
lower with the delay line DL as a load, the diodes D^, and and the 

resistances R^ and R^. If the three-pulse code of the considered channel is 

characterized by the intervals At^ and At^ between succeeding pulses (fig. 

7.14b), the branches b and c from the DL are situated at such a distance from 
the point a that, for passage of pulses over the segments ab and ac, a time is 
required equal to Atg and At^ + At^, respectively. As a result, during the 

time of existence of the third pulse of the code group (fig. 7.Ikb) positive 
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voltage pulses will be fed to the cathodes of all the diodes D^, and /310 

D^. For code groups with intervals not equal to At^ and Atg, respectively, the 

conditions for simultaneous feeding of the signals to the diodes D.., D p and D_ 
will not be satisfied. * 


Usually for high-quality operation of the coincidence stages, it is neces¬ 
sary that R^ » R^. Therefore, the presence of at least one unblocked diode 

(D^, or D^) maintains the potential of the point A close to zero. If posi¬ 


tive pulses of sufficient amplitude are fed simultaneously to D^, D p and 
(and this occurs when a code group of the subcarrier oscillation is fed to the 
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Figure 7.14 


input of the tube T, thereby tuning the particular coincidence stage), a /3H 
positive voltage pulse is formed at the point A. In the case of arrival 
of a code group with different intervals between pulses, the potential of the 
point A becomes close to zero, which also occurs in the absence of input 
signals. 

Assuming that square pulses with the amplitudes U m ^ and and the dura¬ 
tions Tp-^ and Tp 2 are formed at the CS^ and CS^ outputs, and that the filters 
and F^ have the transfer constants and kp,^, for a stationary regime we 
find 

, tt T pl 

"Fl * k Fl D ml m l —' 

V TT T p2 

^2 = k F2 U m2 m 2 t ’ 

In these expressions and u^ are dc voltages at the F^ and F^ outputs 

at the time of transmission of a command K n of constant value. By feeding u 

al Fl 

and u ^2 to the subtracting device SD^ with a transfer constant equal to 1, we 
obtain the voltage characterizing the output command in the first CCRL 
channel. The value is equal to 


K 1 ‘ Wl - ‘teVs T 


T 


(7.3.3) 
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This expression shows that in the transmission of a zero command, when 
= m 2 , the value £ 0, if 


Wml 



* “rAa 



In order to eliminate the systematic error, it is necessary that the /312 
CCRL be balanced. Balancing can be accomplished in the circuits of the 
subtracting devices. When the CCRL is balanced 


^Fl^l t = ^F2 U m2 t 


and 


K i - Wi ^ '"1 - "2> • “fAi I s 


(7.3-M 


Expressions (7*3.3) and (7*3.*0 represent the equations of a decoder of un- 
balanced and balanced CCRL. 

Taking into account that 

K 1 max = k Fl U ml m » 


for the command coefficient at the output of the first channel of the decoder 
in a balanced CCRL we obtain 


m., 




K 


cl 


m 


= K 


Cel 


(7.3.5) 


By knowing the coder and decoder equations, it is possible to derive the 
equation for the CCRL as a whole. For example, for CCRL with a coder, whose 
modulator contains a saw-toothed wave generator and a balanced decoder of the 
considered type, we will have 


K = k ^ 

1 ' FI % 


r pl 


K 


al‘ 


(7-3.6) 


This expression shows that the CCRL transfer constant for the first channel is 
equal to 


k 


U 

CCRL 1 = k Fl u 


ml T pl 


m 


T. 

1 


(7.3.7) 
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and its frequency characteristic is determined by the type and parameters of 
the filters of lower frequencies, and also is dependent on a number of CCRL 
parameters (kp,^, U m1 , U m , t ^ and T^). The amplitude characteristic of the 

CCRL has the form shown in figure 7.2b. 

The command of the second channel is formed in a similar way using the 
coincidence stages CS^, CS^, the lower-frequency filters F^, F^ and the sub¬ 
tracting device SD 2 . 

Expression (7-3-7) shows that, for an increase of k , it is feasible 

CCRL 1 

to decrease the "off-duty factor” of the pulses at the CS^ and CS£ outputs if 
this does not worsen the other qualities of the CCRL (such as noise immunity). 


Decreases of the "off-duty factor” in both CCRL channels can be achieved by the 
use of the wideners W^, W^, W^ and W^ (pesk detectors with a small time con¬ 
stant, multivibrators, phantastrons, etc.), as shown in the functional /313 
diagram of the decoder of the second type (fig. 7 - 13 b). 


The transfer constant of a CCRL with such a decoder is determined by ex¬ 
pression (7-3-7) if t , is understood as the duration of the pulse produced by 
the wideners. ^ 


We note that expression (7-3*7) is correct for CCRL with wideners under 
the assumption that the pulses produced by and have identical duration. 

A further development of the system shown in figure 7-13b is the system 
shown in figure 7-13c. Here the functions of wideners are performed by the 
peak detectors PkD^, PkDp, PkD^ and PkD^* whose time constants are such that 

the pulses of the decoders are widened virtually to T^. This leads to a con¬ 
siderable increase of the CCRL transfer constant. 


The method for analyzing subcarriers used in the decoder whose functional 
diagram is shown in figure 7-13^ is somewhat different. In this decoder, the 
pulses from the decoders are fed to resonance filters RF^-RF^, constituting 

generators with shock excitation. RF^-RF^ are used to produce sinusoidal 

subcarrier oscillations, which continue for a time determined by the lifetime 
of the corresponding groups of symbols. The resulting sinusoidal subcarrier 
oscillations are transformed by PkD^-PkD^ into square pulses which, after 

passing through the low-frequency filters F^, Fg, and F^, are fed to the 
subtracting devices SD^ and SD^- The transfer constant of such a decoder can 
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be determined easily if the parameters of the pulses produced by the peak 
detectors are known and also the transfer constants of the subtracting devices 
and of the low-frequency filters. 


7*4. CCRL Coders and Decoders with Phase Modulation of the Subcarriers 

1. CCRL with Sinusoidal Subcarrier Oscillations 

In a CCRL coder with phase modulation of the sinusoidal subcarrier oscil¬ 
lations, the phase difference cp and cp of the working and reference sinusoi- 

w 0 

dal voltages changes proportional to the transmitted command: the mean fre¬ 
quencies of both voltages should be identical. Accordingly, the value of the 
command K and the command coefficient K at the output of the coder for 

O-L L>C 

the first CCRL channel are determined by the following relations 


K C1 ~ ^0 " 9 w " ^Cl^al ’ 

4*0 " ^Cl^al max 

Cel Acp Acp id 

^m mti 


(7.4.D 

(7.4.2) 


where k is the transfer constant of the coder for the circuits of the first 

channel, and Acc^ is the maximum value of the phase difference which can occur 
in the coder. 

As in CCRL with pulse-width modulation of sinusoidal subcarriers, the 
k K , 

value — 81 ma , x can be less than or equal to 1. 

Ac Pm 

In order to ensure the separation of the signals of the working and /31U 

reference phases at the receiving end, it is necessary to have two auxili- 
iary subcarrier oscillations with different frequencies. One of these subcar¬ 
riers is modulated by a voltage with the phase cp Q and the other with the phase 

cp w . In a N^-channel CCRL, the total number of subcarrier oscillations will be 
+ 2, since two subcarrier oscillations common for all channels and one volt¬ 
age for each channel are used for forming signals with the phases cp^ and cp w . 

One of the possible functional diagrams of a coder of a two-channel CCRL 
with phase modulation is shown in figure 7 * 15 - 
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Figure 7-15 


A sinusoidal voltage u gub >2 of the frequency f gub 2 , formed by the genera¬ 
tor Gen 2 , is fed to the modulator where there is a change of the phase 

u , „ under the influence of the command K n of the first channel. The signal 
sub 2 al 

obtained in this way, having the phase cp w , with modulator modulates (in 
phase, frequency or amplitude) the auxiliary subcarrier oscillation u gub 
produced by the generator Gen^. The modulator performs modulation of an¬ 
other auxiliary subcarrier oscillation u gub -p forming at the output of the 
generator Gen^ by the voltage u gub 2 . The frequencies of the signals u sub 1 
and u gub ^ are different and equal to f gub 1 and f gub ^> respectively. 

In the second channel, voltages of the phases cp^ and cp^ are formed by the 
generator Gen^, tuned to the frequency f gub ^ t f gub 2’ an< ^ m °d u l a tors 

M , M and M^. The summer T, is used for mixing the oscillations arriving from 
2 5 u 

the modulators M_, M,, M,_ and M^. 

3 V 5 6 

Figure 7-15 shows that the value of the transfer constant of the coder for 
the first and second channels is dependent only on the parameters of the phase 
modulators and M 2 - 

The functional diagram of the coder of a two-channel CCRL with phase mod¬ 
ulation has the form shown in figure 7*16. By means of the separation filters 
SF^ and SF 2 , tuned to the frequencies f gub ^ and f gub 3 , the modulated auxil¬ 
iary subcarrier oscillations are separated for individual channels. The 
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Figure 'J .lG 


demodulators Demod^ and Demod^ produce voltages representing a combination of 
signals with the phases cp^ and cp w for the first and second channels, respec¬ 
tively. The band filters F. , F„ , and F.. 0 , F Q _, tuned to the frequencies 
^"sub 2 an< * ^sub 4* separate for the individual circuits voltages with the /315 

phases cp^ and cp in the first and second channels. The phase inverters PI and 
T 0 w 2 . 

Pig change the phases of the reference voltages of each of the channels by E. 

The latter operation is necessary so that the CCRL signals forming at the out¬ 
puts of the phase detectors PD^ and PD 2 will be equal to zero when = 0 

and K & 2 = 0, that is, when cp w = cpQ. The output command (for small values 

cp Q - cp w ) constitutes the value 

K i (t) - rrV“D K ci (t) > 

D1 

where k is the transfer constant of the decoder for the first channel, and 
D1 

T^ is the time constant of the CCRL decoder, determined by the parameters of 
the PD^ filter. 

But since 

K C1 = k Cl K al' 

we find the following CCRL equation in operator form 
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The transfer constants k and k can be computed if the parameters of all the 

Cl D1 


stages of the coder and decoder are known. 


2. CCRL with Pulse Subcarrier Oscillations 

The essence of the method for transmission of commands when using phase- 
modulated pulse subcarriers will be considered using the example of a single¬ 
channel CCRL. The command of one channel is transmitted by two periodic pulse 
sequences—reference (cadence) and working (control) pulses. These pulse 
sequences differ from one another with respect to timing codes or some /316 

other parameters; as a result, they can be separated in separate circuits 
at the receiving end. In accordance with the value and sign of the transmitted 

command K (the subscript 1 on K , will be omitted hereafter), there is a 
s. al 

change of the intervals T^ and T£, in sum forming the repetition interval T of 

the commands, between the reference and control pulses. Since the most noise- 
immune CCRL is obtained in a case when the reference and control signals rep¬ 
resent timing codes, hereafter we will consider only CCRL with code selection 
of signals. 

The mentioned method for transmission of commands is illustrated in figure 
7.17, which shows a pulse sequence consisting of three-pulse timing codes. 

The intervals T^ and T^ are changed by movement of the control codes in the 

limits T. The value of the command K at the output of the CCRL is determined 

1 / 

by the difference of the intervals T^ and T^, that is 

k c =t 1 -t 2 . (7.4.4) 


The identity of the expression for in the CCRL with pulse-phase modula¬ 
tion and pulse-width modulation can be attributed to the fact that CCRL with 


Reference Control 
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Figure 7»l8 


pulse-phase modulation with respect to principles of design is a further devel¬ 
opment of CCRL with pulse-width modulation. In actuality, in a CCRL with 
pulse-width modulation, the entire length of the intervals and is filled 

by subcarriers, whereas in CCRL with pulse-phase modulation only the limits of 
these intervals are indicated. 

In accordance with the above, the functional diagram of the coder of a 
single-channel CCRL can be represented as shown in figure 7»l8a. The pulse 
generator FG produces pulses whose repetition interval is T. By means of the 
coder C^, the PG pulses are converted into n^-unit timing codes characterizing 

the sequence of reference signals. 

The modulator performs pulse-phase modulation of the PG pulses, the 
transmitted command K . The phase-modulated pulses usually are produced by a 
differentiator and limiter from width-modulated pulses. This means that in¬ 
cludes a video pulse-width modulator, some diagrams of which were considered in 
section 7.2, a differentiator and limiters. The coder C^ uses the M-^ pulses to 

produce n con -unit control codes. The stage £ is used for summing control /317 
and reference codes. 


Since the process of differentiation and forming of pulses by limiters in¬ 
troduces virtually no distortions into the intervals T^ and T^ obtained in 



determined by the same formulas as for CCRL with pulse-width modulation based 
on the use of sinusoidal subcarriers. 
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OK = reference code 
UK = control code 

1 , 1 st channel 

2 , 2 nd channel 

3 , i-th channel 

4, N, -th channel 
* k 



The decoder of a single-channel with pulse-phase modulation, whose func¬ 
tional diagram is shown in figure 7-l8b> includes the coincidence stages CS^ 

and CS^, the trigger Tr, the low-frequency filters F^ and and the subtract¬ 
ing device SD. By means of CS^ and CS^, the subcarriers are separated for the 

individual circuits and the trigger converts pulse-phase modulation into pulse- 

width modulation. The filters F, and F cut into the anode and cathode cir- 

1 2 

cuits of the first and second tubes of the trigger Tr are used in detecting 
the "constants" of the components of the Tr pulses. The subtracting device 
produces an output command whose stationary value is determined by expression 
(7.2.9)- This can be attributed to the identity of the circuits for analysis 
of the subcarriers in the CCRL with pulse-phase modulation and in CCRL with 
pulse-width modulation of sinusoidal subcarriers. 

When using a CCRL with pulse-width modulation for transmission of two or of 
a large number of forms of commands, there can be successive and time-parallel 
placement of the control code groups (symbols); in this case, in a N^-channel 

CCRL there should be at least one reference and control codes. In the succes¬ 

sive transmission of commands, their repetition period T is divided by 
in the general case of unequal intervals (fig. 7 - 19 ) called channel intervals. 

Within the limits of the interval t ., assigned for the i-th channel 

ki 

(i = 1, 2, ..., NjP within the period T, under the influence of the transmitted 

command , there is movement of the control pulse of the i-th channel, at the 

same time that the reference codes (here and in the text which follows /318 
assumed to be common for all channels) are formed at the beginning of each 
cycle of transmission of commands. 

The coder and decoder of a N^-channel CCRL with successive placement of 
channels can be constructed in accordance with the diagrams shown in figure 
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a 


KC = CS 
Tp = Tr 

$ = f 
By = SD 



b 

Figure 7*20 


7.20a/ b, provided the commands constitute dc voltages. The pulse generator PG 
produces pulses u__ (fig. 7-20a) having the repetition period T. These pulses 

act on the modulator of the first channel M^, the coder Cq and the delay stages 

DS - DS . The coder CL is used for forming reference codes u , shown in fig 
1 N, -1 0 ^ 0 

k 

ure 7.21b in the form of pairs of pulses with the intervals At^. 

The modulator M n , under the influence of the command K and the pulses 
1 al 

u pQ> performs pulse-phase modulation. As a result, individual pulses are 
formed at the M, output; these pulses are distant from the PG pulses by a time 
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Figure 7.21 


determined by the value K .. . By means of the coder C.. , these pulses are con- 

SLJ. -L 

verted into a timing control code u , such as a two-pulse code, as shown in 
figure 7.21c. 

The delay stages DS - BS„ 

1 k 

duce individual pulses which are displaced by corresponding intervals of time 


under the influence of the voltage u^, pro- 
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relative to the u pulses. The signals produced at the DS, output are trig- 
PG 

gering signals for the second channel modulator Mg, which also is fed the com¬ 
mand K q 2 * The coder Cg is used to form the control timing codes u cQn g (fig. 
7.21d) for the second channel. 


Similar processes occur in all channels. In 

nel the control codes u „ are produced by the 

con N k J 


particular, in the last chan 
coder C N (fig. 7.21e), to 
k 


which are fed signals from the modulator M^, . 

M k 


The voltages from the C^, Cg, 


^k“l 


outputs are summed by the 


summer £ and mixed in a general sequence, and the resulting signals u^ (fig. 
7.21f) are fed to the CCRL radio transmitter. 


Diagrams of the decoders of a single-channel and each channel of a /321 
two-channel CCRL (figs. 7-18 and 7«20b) are identical. In study of figure 
7.20b, it is necessary to take into account that the reference pulses discrimi¬ 
nated by the coincidence stage CSq are used for operation of all the CCRL 
channels. 


Time diagrams clarifying the operation of the system shown in figure 
7.20b are shown in figure 7*21g-m. It must be remembered that figure 7*21g-j 
shows the reference and control codes produced by the coincidence stages CSq- 


CS, T , and figure 7*21k-m shows the signals forming at the anode of one of the 

tubes (such as the left tube) of the triggers Tr -Tr M . 

Distinguishing characteristics of multichannel CCRL with successive place¬ 
ment of channels are a decrease of the transfer constant in the i-th 

channel (i = 1, 2, ..., N^) with an increase of N k and absence of possibilities 


of "forced” transmission of zero commands in all channels, except in the chan¬ 
nel where the zero value of the transmitted command corresponds to the inter¬ 
vals T^ and T^, equal to 0.5 T. The latter means that in order to obtain the 


command = 0 at the output of the i-th channel, it is necessary to have a 


corresponding design of all the converters in the decoder or use of special 
balancing voltage sources if the equivalent converters have identical 
parameters. 


The characteristics noted here were detected as a result of analysis of 
the operation of a coder and of a decoder. 


By analogy with a single-channel CCRL it can be assumed that the value of 
the command for the i-th channel at the ouput of the coder of a 
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multichannel CCRL with successive placement of channels is determined by the 
difference of the intervals AT^ and ATg^ forming together the value t and 

read from the time of appearance of the last pulse of the control code of the 
i-th channel to the beginning and end of the interval t^, respectively, that 
is 


K Ci - iT li - AT 2I - K Ci K al’ 


(7.4.5) 


where k„, is the transfer constant of the coder for the i-th channel, K , is 
Ci ai 

the value of the command transmitted in the i-th channel, AT_^ is the interval 

between the beginning of the i-th channel interval and the control code of this 
same i-th channel, and AT^ is the interval between the control code and the 

end of the channel interval of the i-th channel. 

By comparing the transfer constants of coders of single-channel and multi¬ 
channel CCKL with successive arrangement of channels, on the basis of expres¬ 
sions (7.2.1) and (7.4.5), and assuming that K ai = K g = K^, we obtain 



ATjj ~ ATgj 

T - T 
1 2 


The maximum values AT . and AT and T - T constitute t and T, respectively. 
Therefore 11 2i 1 2 ki 




k —. 
Cl t 


It therefore follows that k < k . 

T 

If the CCKL is designed in such a way that t = tt-, then 

ki N k > 



/ 322 


This means that the transfer constant of a coder for one of the channels of a 
multichannel CCRL with identical channel intervals changes inversely propor¬ 
tional to Ni,. Since the maximum value K of the command K„. can be t. . , 

K Ci max Ci ki' 


for the coefficient of the i-th command K 

Cci 


we find the following expression 
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- 1 = 


^Ci^ai max 


(7.4.6) 


K 


AT. - AT 2i 2AT li 


Cci 


°ki 


\i 


K. . , 

1C1 


Between the times of formation of the last pulses of the reference and control 
codes of the i-th channel, a time passes which is equal to 


1-1 



t-i 


i-i 




1-1 


(7.4.7) 


As a result, the 

voltages u^(t) 
Pi 


trigger Tr^ in the decoder of the i-th channel produces pulse 

and u^(t) which are determined as follows 

p2 


<{ = ^+^1.1 
49 = 4° I 

49 = 4°. I 

49 = 4 ? + ^ 1 


when kT </< kT + T u (k = 0,1,2,...), 
when *r + r„</<(* + !) r (* = 0, 1, 2. ...). 


In a stationary regime, a command is formed at the output of the i-th 


channel; this command is in the form of a dc voltage equal to the difference of 
the constant components of the voltages at the outputs of the low-frequency 


filters and 


The filters F^' L/ and F 0 ^are fed the voltages u^(t) 

pi 


? U) 

1 


and u^^(t)* It then is possible to find that 



where ^ and k^,^ are the transfer constants of the filters F^^ and F^^ at 
the zero frequency. 

The derived expression shows that the presence of a symmetrical trigger 
and of a subtracting device, as well as of identical output filters, in the ab¬ 
sence of balancing devices fails to ensure that = 0 will be obtained when 

K =0. This means that with the successive placement of channels there will 
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be no "forced" transmission of the zero command. By means of selection of the 
parameters of the trigger, the output filters and the subtracting device /323 
can be such that 


and 


**> + -P (j2'« + tt)J = 

«'! ■ 

Ki- 2 T *Cci 


(7-4.8) 

(7-4.9) 


But it follows from expression (7.4.8) that 


*M= 


1/(0 

u m\ 


k «) 

*<t>l 


/'-l y 

v-l i 


u|'> 


Therefore 


K i - 4%’ 


where K 
Ci 


= determines the value of the command of the i-th channel at 


the coder output and 


D_2 r-(g ,„+o.5<„) 


(7.4.10) 


characterizes the transfer constant of the decoder of a multichannel CCRL for 
the i-th channel. 

On the basis of expressions (7.2.12) and (7-4.10), it can be found that 


* ( 2 


01 




(7.4.11) 


. 1 -» \ 

'H 2'«+ 


"H — ktyU 2 


F for all equations on this page) 
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It follows from an analysis of expression (7-4.11) that if the parameters 
of the filters and threshold apparatus (triggers) of the decoder in a single¬ 
channel CCRL and in the first channel of a multichannel CCRL are identical 

This conclusion can be drawn on the basis of the following inequa¬ 
lity, which always is satisfied 


t 


ki 


< T. 


When comparing the transfer constant of the decoder for all other channels 
with the value k^ in a single-channel radio link, it must be remembered that 

in a multichannel CCRL the voltages k^^uj^ when i > 1 should be less than 

kj^U^ when i = 1. This can be attributed to the condition that there is 
FI m 

balancing of all channels when using threshold apparatus and filters producing 
signals k^V^ (i - 2, 3, \) and k^V^ (i = 2, 3, ..., \) not /324 

exceeding . In such a method for designing CCRL, the following rela¬ 

tionship exists between kf,^U^ and kj^U^ 

FI ml FI ml 

* —■ ( 7 . 4 . 12 ) 

/-I 


Expression (7.4.12) was derived on this basis: in the transmission of 
zero commands through the 1st and i-th chnnels, the constant components u^^(t) 
and u^^(t) should be equal to one another for identical values kp^u^^ and 
k-j^u^), independently of i. 

(i) , 

Under the mentioned condition, k^ (i = 2, 3, ..., N fc ) also is less than 

k „ ; with an increase of N. , the ratio of k to k^ increases. 

D1 k D1 D 

If all the channel intervals in a N k -channel CCRL are identical and equal 
to jL, then 


N k 
$ = F 


ft<‘> = 

D 


2 (AT* - i + 0,5) T 
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and 


$ = F 


w, «ss^“ - *«m° 

^di ^ (N* — /-|- 0 , 5 ) —^4,2^1 


As an illustration we note that when kj^ uj^ = k^ , k^^u^^ = k^J^u^^ > 

(l) p (2) 2 

= k p2 u 2 and N k = 2, the value k^ = - k^. The value 'also is ± k m , 

if k^^u^ = k^u^ and k u = k u . In a three-channel CCKL, the values 
FI 1 F2 2 FI 1 F2 2 ' 

k^ 1 )> k^ 2 ) and k^ 3 ^ when k^^uj 1 ^ = k^u^ 1 ) and kj,^ = k^Ug, and also with 

satisfaction of the condition (7.4.12) are equal to ^ k , i k and .2 k . 

v M 5 D1 3 D1 5 D1 

respectively. For a four-channel CCRL, in the same way we obtain k^"^ = k^* 4 ^ 

= ^ k^ and k^^ = k^ 3 ^ = i^k^. The cited examples show that in the consid¬ 
ered method of design of CCRL, the transfer constants of the decoders for dif¬ 
ferent channels, in a general case, are different and decrease with an increase 
of N, . However, by an appropriate selection of t and also of the param- 

eters of the threshold apparatus and filters on the basis of expression 

(7.4.10), it is possible to ensure the identical earlier stipulated values k^\ 
independently of i. 

When all the channel intervals should be identical, the voltage kj^uj^ 

+ k^u^^ - k^uj^ when t. . = t, _ = ... = t. = as follows from expres- 
F1 1 F2 2 kl k2 kN N, ' 

k k 

sion (7.4.10), should be computed on the basis of the following condition 


t = F 


k ( IU/ (l \ + k {l \u {l) — k (l) u w - 2 (// * ~ f + 05) T - t<‘> 

K <t>l u ml ^ K 4,l u ml *<fc2 u 2 ~ ft * D 


In case of a need for creating a decoder fora N -channel CCRL in such a 

k 

way that ■ 4 ° = independently of i, all. the required parameters of the 
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decoder circuits for any channel can be determined on the basis of expression 
(7.4.11). 

Since for identical channel intervals k^ 1 ^ < k and k^^ < k^, the /325 

transfer constant k^ = k^k^ of a multichannel radio link for the i-th 

CCRL C D 


channel will be smaller than ^ = k^k^ in a single-channel CCRL. Thus, 

for a two-channel CCRL with identical channel intervals k^^^ = k^^^ = i 

k__ T . . If N, =3, then kj^_ = kj^_ = 4 k__ T , and k!^ = 4 k„__ . In 

CCRL 1 k CCRL CCRL 5 CCRL 1* CCRL 9 CCRL 1 

(1) (4) i (2) (3) 1 

a four-channel CCRL, ^ CCBL - k CCRL - y k CCRL x and k ccRL “ k CCRL “ 15 k CCRL 1* 

k (i) 

If in a multichannel CCRL the ratio _— should be equal to 1, regardless 

V 

(i) T 

of i, then k ' will be less than k __ . by the factor --When t = t 

1 CCRL CCRL 1 t,__. kl kd 


.(i) 


“ki 


. T CCRL 1 

- ••• ' t BJ ’ B*' thS rStl ° k 


N ’ 

CCRL 1 k 


A decrease of kl^L in comparison with k , characterizes one of the 
CCRL CCRL 1 

shortcomings of a CCRL with successive arrangement of channels. 


In the case of parallel transmission of commands (parallel placement of 
channels), the control code of each channel can be moved within the limits of 
the entire repetition period T of cadence code groups, as a result of which the 


transfer constant k 


(i) 

CCRL 


remains the same as in a single-channel CCRL. 


However, 


for elimination of the possibility of superposing the pulses of the control 
codes of different channels and the resulting appearance of a reciprocal in¬ 
fluence of the channels for the control codes of each channel in the segment T, 
a number of definite positions are fixed. As an illustration, in figure 7.22, 
we have shown by the arbitrary points 1, 2 and 3 the possible positions of the 


t r. -— -. 1. 

0 f 2 3 1 t 3 12 3 12 3 0 t 

Figure 7-22 
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control codes of the first, second and third channels in a three-channel CCRL 
for one period T of transmission of commands. The points 0 in figure 7*22 
denote the positions of the reference codes. 

Since the control code of each channel cannot occupy any position in the 
interval T, by use of a CCRL based on the principle of parallel arrangement 
of subcarriers it is possible to transmit only individual (discrete) values of 
the commands K^, ... This means the presence of errors in the transmis¬ 

sion of commands due to level-quantization of the CCRL input signals. The 
values of the errors caused by quantization of the transmitted commands can be 
reduced to a necessary minimum if in the development of CCRL the recommenda¬ 
tions given in section 7-8 are taken into account. 

Another characteristic of a CCRL with parallel placement of subcarrier 
oscillations is that there can be no precise transmission of the zero values 
of commands in all channels but one. However, with discrimination for all 

channels of positions which are situated near the point Z of the period T, /326 

2 - 

the errors in transmission of a zero command of all the channels will be vir¬ 
tually absent. An additional increase of the accuracy of transmission of zero 
commands is attained by the use of special correcting voltages at the receiving 
end. 


We will analyze the principles of design of CCRL of the considered type 
using the example of a two-channel CCRL; the functional diagram of its coder is 
shown in figure 7 * 23 . 

Signals from the pulse generator PG. producing the pulses (fig. 7.24a) 
with the repetition period T^, determining the quantization interval, act on 
the divider Div, quantization apparatus QA^ and delay stage DS. The pulses 
Uj iv are fed from the divider (fig. 7-24b); the repetition period of these 
pulses is T. These pulses act on the coder Cq of the reference signals. In 
addition, the signals u^y control operation of the modulators and M^, 
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Figure 7.24 


where there is pulse-phase modulation by the signals K , and K . The voltages 

al a2 

u^ and u^ (fig* 7* 24c, g) from the outputs of the modulators Mp and are 

fed to the wideners Wp and W^, producing the pulses u^p and u £ (fig* 7*24d, h) 

with somewhat steepened fronts and durations equal to approximately T^. The 

widening of the signals u and u is necessary to ensure the normal operation 

Ml M2 

of the quantization apparatus QAp and QAg. The QAp is fed not only Upp, but 

also the voltage u^, and QAg is fed not only Up^, but also the pulses u^ 

(fig. 7*24f) from the delay stage DS, biased by relative to the pulses u . 

2 PG 

Only those PG and DS pulses reach the QAp and QA^ outputs which coincide 

in time of effect with the signals Upp and u^. As a result, identical control 

pulses u^ and u^ are formed (fig. 7*24e, i), whose distance from the reference 

signals u^ is determined by the commands K Q p and K^ with some error caused 

by the quantization process. These pulses are converted into timing codes of 
the coders Cp and and are mixed with the Cq signals in the summer 2. 
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In conclusion we point out that the relationship between K„, and K_ n /327 

vi. 81 

for the considered coder is determined by the formula 


K C1 = “x - m 2 = k ci K al > 


where m^ and m^ are the numbers of intervals corresponding to the time seg¬ 
ments and (fig. 7 . 17 )* 

We note that in the cited expression, as for CCRL with pulse-counting 
modulation, the value m^ - mg remains constant with a change of in limits 

determined by the quantization interval 2T^. 

Decoders of multichannel CCRL with parallel placement of channels can be 
designed using the same models as in cases of successive placement of channels. 

The dependence of the output signal for the i-th channel (i = 1, 2, 

..., N, ) of a N -channel CCRL of the considered type on K_. in a stationary 
k k Ci 

regime is determined by expression ( 7 . 2 . 9 ). This can be attributed to the fact 
that the component elements and processes occurring in any of the channels of 
the decoder of a CCRL with pulse-phase modulation, in the case of parallel 
placement of the channels and pulse-width modulation of sinusoidal subcarriers, 
are identical. However, it must be mentioned that all the mentioned for- /328 
mulas will be correct only for individual discrete values of the transmitted 
commands. 

Analysis of a N^-channel CCRL with pulse-phase modulation when using the 
principle of parallel placement of channels shows that this CCRL, if the dis¬ 
crete character of transmission of commands is not taken into account, consti¬ 
tutes a set of Njj single-channel CCRL with pulse-phase modulation. 


7.5. Principles of Design of CCRL with Pulse-Code Modulation 

The values of the transmitted control commands are converted in the CCRL 
coder into numbers which are reflected by definite combinations of pulses 
(codes) of subcarrier oscillations. The codes in CCRL with puls -code modula¬ 
tion are designed most frequently on the basis of a binary numbering system. 
This is due to the relative simplicity of its technical design. 

In the process of conversions, the continuous function K a (t) subject to 
transmission for a distance first is level-quantized, that is, broken down 
into a series of intervals. 
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Usually the modules of maximum and minimum values K (t) are identical, 

and as a result the number of intervals reflecting positive and negative values 

K (t), which are formed during the time of rocket guidance T , will be iden- 
a 6 

tical and equal to n (fig. 7*25). In addition, there will be one interval 
(zero interval) in the neighborhood of the point K = 0. Thus, the entire 

range of values K a is broken down into 2n + 1 intervals, one of which (the zero 

interval) is "open," while all the others are "semi-open." We recall that the 
interval is considered open in a case when its ends are not taken into account. 

It should be remembered that the length of the positive (negative) part 
of the zero interval is half the length of the semi-open interval. 

Sequential and parallel binary codes can be used for expression of the 
numbers. The principal property of codes of the first type is that the pulses 
determining the individual digits follow one another in time. As is well 
known, each semi-open interval (a and b in fig. 7-25), satisfying the condition 
a ^ K a < b, corresponds to one number or set of several numbers expressed by 

binary codes. The zero open interval also is characterized by a single number 
or set of several numbers. If a semi-open interval is determined by a single 
number, for transmission of the entire range of changes K a , it is necessary 

to have one numerical sequence which can be sign-variable or constant in sign. 

When using several numbers for expressing a single semi-open interval 

(a, b), the transmission of all values K can be accomplished only when there 

a 

is a corresponding number of numerical sequences and therefore a corresponding 
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a 


b 


c 


number of binary codes. The use of each new sequence of numbers naturally /329 
leads to a complication of the CCRL. Therefore, hereafter we will limit our¬ 
selves only to a case when the i-th semi-open interval can be expressed by one 
number or the difference between the numbers m^ ^ and ^ of two sequences; 

in this case, it is assumed that ^ + m 2 ± = m = cons t. note that the 

latter method of forming commands is similar to the case of pulse-counting 
modulation. Parallel codes are characterized by the fact that pulses of all 
digits are transmitted simultaneously. 

If the i-th interval (fig. 7*25) is expressed by one number of a sign- 

variable sequence, in addition to a binary code for each channel in the coder, 

it is necessary to form a signal characterizing the sign of the transmitted 

number. This means that commands for one control channel are transmitted by 

two subcarrier oscillations, one of which is modulated by the signal K and 

a 

the other is not modulated. The sign signal can constitute a timing code, a 
pulse differing in width from the pulses of a binary code, etc. For example, 
if a timing code is used for transmitting the sign, the code parameters change 
with a transition from transmission of a zero interval to the interval -1. 

In actual practice, sign signals also can be used for ensuring separation of 
the pulses of the digits of the binary code at the receiving end by individual 
circuits, preparation of the CCRL decoder for receiving new values of commands, 
etc. Very frequently, such signals are called starting (address) pulses or 
key pulses. 

Depending on how the digits of the successive binary codes are ar- /330 
ranged, it is possible to distinguish three forms of output signals of a 
coder during transmission of a command by one sequence of numbers. All these 
forms, jointly with the starting pulse, are arbitrarily denoted S, shown in 
figure 7.26 for the example of a five-digit binary code which is used to express 
the number 20. 

Figure 7* 26a show s a binary eode based on individual video pulses. In 
this type of code, there is a time separation of digits. The second and third 
forms of binary codes differ in that the digits are denoted by pulses of sinus¬ 
oidal oscillations with different frequencies (f^ ^ - f sub ^ in fig. 7 . 26 b) 
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Figure 7*26 



or constitute timing codes (fig. 726c). In such CCRL, the separation of digits 
for different purposes at the receiving end is based on principles of frequency 
and code selection of signals. We note that in the second form of coder output 
signals, the pauses (intervals between digits) may be absent or filled by 
sinusoidal oscillations of other frequencies. 

Parallel binary codes can be formed most easily from pulses of sinusoidal 
oscillations with different frequencies. 

When expressing the i-th interval of the command K Q by one sign-variable 

sequence of numbers, the zero command is transmitted only by the starting pulse. 
The value of the output command of the coder K^, when using one sign-variable 

sequence of numbers can be determined as follows 

K c =b2 2‘-'* l (i) = k c K eL . (7-5.1) 


where N is the significance of the binary code; b is a coefficient assuming the 
value +1 or -1 depending on the sign K ; k n is the transfer constant of the 

coder characterizing the number of the single command arriving at the CCRL in¬ 
put; i is a whole number assuming the values -n, -(n - l), ..., - 1 , 0 , 1 , 2 , 
..., n; 6 (i) is a function which for a given value i assumes values 1 or 0 

depending on t; and l is the summation index. 

For example, if when N = 5 the value i = 13 is transmitted, 6 ^ = 6 ^ / 33 I 

= 6 , = 1 and 6 = 6 = 0 . 

4 2 5 

As a result of level-quantization of the transmitted commands, the ampli¬ 
tude characteristic of a coder representing the dependence of K on K , and 

0 61 

therefore also the amplitude characteristic of the CCRL as a whole, will have 

the form of stepped curves. Therefore, by k in expression (7.5*l)> it is 

C 

necessary to understand the mean transfer constant of the coder, computed using 
formula (7.1.1) under the condition that the function K = f(K ) is defined by 
a curve drawn through the middle of the "steps." a 

In order to obtain an amplitude characteristic corresponding to figure 

7 . 2 b, the precise proportional dependence between K and K determined by ex- 

C 

pression ( 7 . 5 - 1 ) should be observed only for values K & expressed by 0 , 1 , 2 , 

.n lengths of semi-open intervals. At the same time, conversion from one 
number to another should be accomplished for determined by the limits 
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of the semi-open intervals and the value should remain constant when 

K n £ K„ < K d4 , where K . is the value K at the limit of the i-th and 

ai a 

(i + l)-th intervals; K is the value K„ at the limit of the (i - l)-th 

a (i - 1) a 

and i-th intervals. Since the maximum value of the command at the output of the 
coder is 


K = 2 2 ,_I = 2* — 1. 

C max i-i 


for the command coefficient K^ c at the output of the coder we find 


JC _ t, Z-l 

K Cci ~ b - 2 a- _ , 


(7-5.2) 


It therefore can be seen that kp c changes discretely in the range ±1. 

When expressing the i-th interval of K by the difference of two numbers, 

a 

the need of a sign signal essentially disappears. However, the starting pulses 
before binary codes usually must be transmitted in this case as well, since 
they are necessary for ensuring the separation of digits when using the time 
selection principle or for preparation of the CCRL decoder for reception of the 
next command. Therefore, in transmission of the command of one channel, at 
least three types of subcarriers participate: two subcarrier oscillations of 
binary codes and one subcarrier of the starting pulse. In multichannel CCRL, 
the same starting pulse can serve several channels. Both subcarrier oscilla¬ 
tions of binary codes are modulated by the transmitted command. Modulation is 
accomplished in such a way that with an increase of the transmitted command, 
the numbers of one sequence are increased and those of the other sequence are 
decreased. During the transmission of a zero command, the numbers of both /332 
sequences should be identical. In order for the CCRL amplitude characteris¬ 
tic to be symmetrical, the numbers 0 or 2^ - 1 should not be used in both 
sequences. 

As an illustration of the above we will consider the example of conversion 
of the input command K & on the assumption that two three-unit binary codes are 

used, making it possible to obtain two sequences of numbers, 0, 1, 2, 3> 5> 

6 and 7* Then, not taking the number 0 into account, we divide the entire range 
of changes K a into one open (zero) and 6 semi-open intervals. Each of these 

intervals is given in accordance with the two numbers given in table 7*1. This 
same table gives the values of the coder output command. 
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TABLE 7.1 


Number of K a interval 

-3 

-2 

■ 

0 

1 

2 

3 

Numbers of first sequence 

D 

2 

3 

4 

5 

6 

7 

Numbers of second sequence 

7 

6 

5 

4 

3 

2 

1 

Values of command at coder 
output 

-6 

-4 

-2 

0 

2 

4 

6 


In a general case, under the influence of the command characterized by the 
i-th interval, the numbers ra . of the first sequence should be formed in con¬ 
formity to the law 




/V 


=2 


The law of change of the numbers of the second sequence can be found on 
the basis of the earlier mentioned condition of conservation of the constancy 
of the sum of the numbers of both sequences. Since a single number of the 
second sequence is transmitted with the maximum number of the first sequence, 

N 

the sum of both numbers is 2 . 

Therefore the law of change of the numbers of the second sequence has the 

form 


m, , = 2^-51 2 '“ 

l=\ 


Taking into account the mentioned variants for design of numerical se- /333 

quences, for a command at the coder output in the case of transmission of 

the K signal expressed by the i-th interval we obtain 
a 


N 


K c =m ul - m 2 ., = 22 2 , ~ 1 8 ; (i)—2 N = k Q K & . 


(7-5.3) 


It can be seen from this expression that when transmitting a maximum value K , 

a 

N 

when 6 ^ = = 1, the sum2 2 ,-l 8 ; (i) =2 V — 1 and K^, = = 2 ; - 2 , 
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and in the case of transmission of a maximum negative command, when 6^ = 6^ 


= ... = 6^ = 0, the sum 2 2 i_, 8 i (i) = 1 and 


= -(/ - 2). 


Therefore, 


for the command coefficient K^ c we find 


K 


N r at 1 

2 2 2 l 1 B/ (/) — 2 n 2 2 (0 - I 

_ /-l__ |/-i_I 


Cc 


2 n —2 


2' v —2 


— 1. 


(7.5-M 


We note that formula ( 7 .5*^0 in form resembles the expression for the 
command coefficients in CCRL with pulse-width and pulse-phase modulation, equal 
to 


K 


Cc 


T 1 ” T 2 ^l 
T ~ ~ 


- 1, 


if it is recalled that in CCRL with pulse-width and pulse-phase modulation, the 

N 

value K = T, and in CCRL with pulse-code modulation K =2-2 and 

C max C max 

N 

the expression — 1 is equivalent to T . 

When a CCRL with pulse-code modulation is based on the use of one sign- 
constant sequence of numbers, each semi-open and open interval corresponds to 
one well-defined number. 


Since a N-unit binary code ensures that there will be an even number of 

numbers 2^, in order for the CCRL amplitude characteristic to be symmetrical 
relative to the K a axis, one of the numbers of the sequence should not par¬ 


ticipate in expression of commands. In theory K = 0 can be defined by any 
number, but as will be demonstrated below the simplest coder and decoder are 
obtained when K a = 0 is expressed by the number 2^"^. 


Since at the transmitting end a zero value K a is fixed by a number not 
equal to zero, the decoder must have a time-constant voltage equal to the sig¬ 
nal produced by the decoder when K a = 0. The presence of this voltage /33 

ensures the symmetry of the CCRL amplitude characteristic as a whole. The 
values of the command and the command coefficient at the coder output when 
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expressing K a by a single sequence of numbers of constant sign are determined 
by the following formulas 


AT C = S 2 *-%(l) = k c ^ + 2 N ~ l , 

AT 

2 2'-‘mo 

L' _ _lzl _ 

*Cc~ 2 n — 1 • 

In such a method for transmission of K , the command coefficient K r can vary 

a OC 

in the range _i_ to +1 if the number 0 is not used for expressing trans- 

2^-1 

mitted commands. 


( 7 . 5 . 5 ) 

( 7 - 5 . 6 ) 


7.6. CCRL Coders and Decoders with Pulse-Code Modulation 

Coders with pulse-code modulation usually include elements by means of 
which pulse-counting or pulse-amplitude modulation is accomplished under the 
influence of a continuously changing signal, followed by conversion of these 
forms of modulation into pulse-code modulation. In addition, it is possible 
to use special electronic or electromechanical devices for converting a contin¬ 
uously changing value into a binary code. 

As an illustration of the technical implementation of methods for the con¬ 
version of continuous K a signals into sequences of binary numbers, we will con¬ 
sider possible designs of coders based on primary pulse-counting modulation 
for a single-channel CCRL with a time method for separation of digits. More 
detailed information on devices for conversion of continuous signals into 
binary codes can be found in the book cited as reference 63 . The functional 
diagram of a coder ensuring the production of a starting signal in the /33^ 
form of a timing code and a sequential binary code, formed by individual 
video pulses, is shown in figure 7*27 f° r a CCRL with a sign-constant sequence 
of numbers. 


The pulse generator PG produces periodic pulses u 


PG 


(fig. 


7.28a) whose 


repetition period T. determines the interval of quantization of the K input 

a 


signals. By means of the frequency divider Div, operating under the influence 
of the PG, u ^ v pulses are formed (fig. 7*28b) with the repetition period T, 

characterizing the period (rate) of transmission of commands. These pulses, 

and also the K dc current, are fed to the modulator M, where under the influ- 
a 


ence of K a width-modulated video pulses u^ are formed (fig. 7.28c). The 


368 


Digitized by 


Google 



|f 2 Q 


mm 

mm 

a 


PS ~H KC 


riE 


CPFA 




TrJl 

~T 


Kl EE EE 




Figure 7*27 


modulator M is designed in such a way that with a command corresponding to the 
lower limit of the n-th interval (fig. 7 - 25 ), the duration of the u^ input 

pulses is n periods of T^. Pulse-width modulation is converted into pulse¬ 
counting modulation in the coincidence stages CS. In order for the ampli- /33& 
tude characteristic of the CCRL to be obtained in the form shown in figure 
7*2b, the leading edges of the pulses are somewhat steep. It is also possible 
to use for this purpose the delay stage of u signals forming part of the 
modulator M. ^ 

As a result of all the mentioned conversions, the number of u pulses 

CS 

(fig. 7.28d) produced in the CS during the period T characterizes the value and 
sign of the transmitted command. The u^,g pulses are fed to a binary counter 

(binary scaler) having the triggers Tr_^, Tr^, ..., Tr^ (fig. 7-27). The number 

N of triggers is determined by the type of binary code. 

Before beginning formation of the binary code all the right trigger tubes 
are blocked and the left tubes operate. This is accomplished using a regenera¬ 
tor Reg which produces a pulse acting on the grids of the right tubes. 

After the binary counter, whose principle of operation was discussed in 
chapter 5, is ready for operation, the counting of the number of pulses fed 
from the CS begins. 

The signals from the counter come from the anodes of the left tubes of 
each trigger, connected to the coincidence stages CS^, CS^, ..., CS^. These 

stages are fed positive pulses from the apparatus for forming commutating 
pulses CPFA. The distance between the CPFA pulses should correspond to the in¬ 
tervals between successive pulses denoting the digits of the binary code. The 
CPFA is controlled by signals produced by the delay stage DS. Under the in¬ 
fluence of the voltage u , the DS is used-in forming the pulses u 

div DS 
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(fig. 7«28e) which are separated from the u ^ signals by the time T', which 
slightly exceeds the maximum possible duration of the u^ pulses. As a result, 
the binary code pulses for any K a are produced after termination of all tran¬ 
sient processes in a binary scaler. 

In addition to control of the CPFA, the delay stage signals are used for 
forming the key. This is performed by the key coder KC. Figure 7*28f shows 
a four-pulse key code. Pulses are fed from the coincidence stages CS-^, CS^, 

.... CS, T to the summer £ only in those cases when the left tubes of the eor- 
N 

responding triggers are blocked out. For example, if six pulses are formed at 
the output of the CS stage, there will be no pulses at the CS^ output (fig. 

7 . 28 g), and signals are fed from the CS^ and CS^ outputs (fig. 7 - 28 h, i) which 

characterize digits (twos and fours). The output signal of the coder is u^, 

pulses produced at the output of the summer (fig. 7 - 28 j). 
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If it is necessary to use the principle of code or frequency selec- /337 
tion of digits, the pulses produced at the CS^, CS^, ..., CS^ outputs should 

be converted into timing codes or groups of sinusoidal oscillations with dif¬ 
ferent frequencies. 

When designing coders for multichannel CCRL, it is necessary to make provi¬ 
sion for a corresponding number of binary counters, coincidence stages, key 
coders, commutators and devices for conversion of K Q into signals modulated in 

accordance with the pulse counting modulation law. Here it is necessary to 

bear in mind that the interval AT between the first pulse of the key code in 

the first channel and the next u a . pulse should be such that it can contain 

div 

the pulses of all the timing codes of the keys and binary codes if all the 
primary modulators are triggered simultaneously. In order to ensure the pos¬ 
sibility of a uniform distribution of keys and binary codes in the interval T, 
the apparatus performing pulse-width modulation for the different channels 

T 

must be triggered with a time shift of —. 

N k 

If a sign-variable sequence of numbers is used for transmission of com¬ 
mands, it is essential to convert the odd function K (t) into an even function. 

In essence this means that the coder must contain devices ensuring determina¬ 
tion of the absolute value jK a (t)j . In addition, the coder should form start¬ 
ing pulses with different qualitative criteria during transmission of positive 
and negative values K (t). 

For solution of these problems, it is possible to use the apparatus whose 
functional diagram is shown in figure 7.29. 


371 


Digitized by LjOOQle 











Figure 7.30 


By means of the modulus-forming apparatus MFA, containing devices Con^ and 

Cong, the odd function K q of ^ (figure 7 * 30 a) is converted into two voltages. 

The voltages u con ^ (fig- 7-30b) is produced by the converter Con^, trans- /33^ 

mitting to the output only the positive values K g , and the voltage u cQn g (fig- 

7.30c) is produced as a result of passage of K through the converter Con P , 

which reacts only to negative values K . In Con P there is also a change of the 

polarity K a . As Con 1 and Cong which should have rigorously identical amplitude 

characteristics, it is possible to use rectifier (diode) instruments with dc 
amplifiers. 

The voltages u n and u ^ 0 can be fed to a circuit for conversion of a 

0 con 1 con 2 

dc current to a binary code, one of whose variants is shown in figure 7 . 27 . 
However, the DS, CPF A and KC should be excluded in this circuit. The voltages 
u con 1 an< ^ u con 2 are connec ' te ^ to the modulator M, shown in figure 7-27> by 

the electromagnetic polarized relay Rel, whose movable contact is closed with 
the bars 1 and 2 during transmission of positive and negative values K . 

The position of the movable contact of the relay Rel is controlled by the 
pulses of the commutators Com^ and Com^, to one of which signals are fed from 

the anticoincidence stage ACS, while signals from the coincidence stage CS Q 
are fed to the other. 


The coincidence stage CS^ feeds a brief dc pulse only in those cases when 
it is fed divider pulses u div (fig. 7 - 28 b), and the value u CQn 2 is equal to 
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or exceeds the voltage u necessary for obtaining one or a large number of 
pulses at the CS output (fig. 7-27)• Pulses are not formed at the CS^ output 

if u con 2 < u ‘ 

The-anticoincidence stage transmits to the output u^ iv pulses in all 

cases when there are no CSq signals. Since the CSq forms pulses only during 

transmission of negative values K^, the commutator Com^ will be triggered /339 

by the voltage u^ iv during transmission of K Q ^ 0. 

The commutators Com^ and Com^ convert signals fed from CS Q and ACS into 

pulses with durations slightly exceeding the width of the signals produced by 
M (fig. 7-27) when it is fed a maximum command. 

The formation of the key codes and the pulses for commutation of the coin¬ 
cidence stages CS^, CSg, ..., CSjj (fig. 7 * 27 ) is accomplished with the dif¬ 
ferentiators Dif^ and Difp, the limiters Lim^ and Lim^, the key coders KC^ and 
KCg and also the apparatus for forming commutating pulses CPFA^ and CPFA^ 

(fig. 7-29). In this case, the position of the first pulses in the key codes 
corresponds to the times of ending of the feeding of the Com^ and Com^ pulses. 

The signals forming at the KC^, KC^, CPFA^ and CPFA^ outputs (fig. 7.29) 

should be fed to the summer Z and the coincidence stages CS , CSp, ..., CS , 
respectively (fig. 7 - 27 ). 1 N 

Figure 7*29 shows that the considered coder will be more complex than a 
CCRL coder designed for forming commands when using one sign-constant sequence 
of numbers. 

The sign of the command can be expressed not only by key codes, but also 
by a corresponding spacing of the binary code pulses. For example, it is 
quite easy to design a coder in which the same key code is formed during the 
transmission of K ft ^ 0 and K Q < 0, whereas the binary code pulses when K q ^ 0 

and K < 0 are displaced by equal intervals relative to the key. 

£1 

Henceforth, depending on the method for setting the sign of the trans¬ 
mitted command, we will distinguish CCRL with one or two key codes. 

When transmitting a single command by use of two binary codes, the sum 

N 

of whose numbers is constant and equal to 2 for any value K , the CCRL coder 

8 

can be constructed, as follows from equation (7-5*3), in accordance with the 
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Figure 7 .31 


diagram shown in figure 7 - 31 - In this figure Con^ represents the apparatus 

whose functional diagram is shown in figure 7-27 if* the summer £ is ex- /340 

eluded. The voltage u , characterizing the first binary code, is fed to 

BC 1 

the subtracting device SD, which also is fed signals from the memory devices 
N 

MD. The number 2 is stored in the MD. At the SD output, the pulses u of 

BC 2 

the second binary code are formed. After delay of time t by the delay cell DC, 
these pulses, together with the key pulses u and the pulses of the first 

K 


binary code are fed to the summer £. 


We note that in the coder shown in figure 7*31 only one key code is used 

for both codes and that in the transmission of K =0, a code is formed in 

a 

Con^ which expresses the number 2^"^. 

In the case of use of sinusoidal subcarrier oscillations, the coders can 
be designed in a similar way. 


If it is necessary to transmit several commands for different purposes, 
coders of the second and third types must include corresponding additional 
apparatus. 


The diagrams of coders are simplified considerably if the command forming 
apparatus produces signals in the form of numbers in a binary numbering system. 
In this case, the coder will include only a device for feeding data from the 
CPFA and stages for forming key codes. 

At the output of a CCRL with pulse-code modulation, in most cases, it is 
necessary to obtain a command K in the form of a voltage or current. This 
problem can be solved by use of electromechanical, ionic or electronic instru¬ 
ments. In most cases, it is desirable to*use electronic apparatus ensuring 
virtually inertialess operation of the CCRL. 

When transmitting K commands by a single sequence of numbers of constant 

a 

sign, the analysis of signals in a single-channel CCRL can be accomplished in 
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Figure 7.32 


the decoder whose diagram, suited for the reception of a three-unit binary code 
with time separation of digits, is shown in figure 7 - 32 . 

The voltage u^ n , characterizing a four-pulse timing key code, and binary 

code pulses expressing the number 6 (fig. 7-33a) are fed to the tube T of 
the coincidence' stage and the cathode follower T^. 

In addition to the tube T^, the coincidence stage contains a delay line 

DL, diodes D, -D. and resistances R n and R^. The value R, is equal to the wave 
14 12 1 

resistance of the DL. The leads from the DL are arranged in such a way that at 
the point A a pulse u^ is formed (fig. 7*33b) only in a case when the T^ input 

is fed a key code. The u^ n pulse detected in this way from the general se¬ 
quence of signals, whose position coincides in time with the feeding of the 
last key code pulse, is used for separation of the binary code digits for dif¬ 
ferent circuits. This problem is solved in the following way. The signals 
from the point A are fed to the delayed blocking oscillator BO, where square 
pulses are produced. These pulses are used for control of operation of /3^1 
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Figure 7-33 


the distributor Dis. The latter in the simplest case is a delay line or a tube 
commutator. The distributor Dis has N outputs (in the considered case, three) 
at each of which pulses are formed which are separated from the last pulse of 
the key code by intervals corresponding to the distance of this pulse from the 
binary code digit pulses. 


The signals from Dis and the cathode follower T^ are fed to the coinci¬ 
dence stages CS^, CS^ and CS^ (fig. 7-32) • At the points B, C and D of the 

circuit, pulses appear which denote the digits of a binary code only under the 
condition of simultaneous feeding of signals to both diodes in the coincidence 
stage. For the considered example of CCRL transmission of the number 6, the 
pulses appear only at the points C and D (fig. 7-33 c > <0* After amplification 
of these pulses in Amp^, Amp^ and Amp^, they are fed to the grids of the left 

tubes of the triggers Tr^, Tr^ and Tr^ forming the decoder. The preliminary 

preparation of triggers for operation is accomplished by a key pulse am- /342 
plified in Amp^, under whose influence the right tubes of all the triggers 

are blocked out, while the left tubes are triggered. In this case the triodes 
Tri^, Tri^ and Tri^, which together with the resistances R^, R^ and R,_ form the 

measuring circuit, also are blocked. Under the influence of the signals fed 
from Amp 2 , Amp^ and Amp^, the corresponding triggers are operated and the tubes 


T^, T^ and T^ are unblocked. 

In the considered example, in transmission of the number 6, the triodes 

Tri, and Tri are unblocked. The total anode current of the tubes T^ . T, and 
4 5 3 4 

T^ is fed through the filter F-j_ to the winding 1 of an electromagnetic relay 
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performing the role of a comparison device CD. In order for the value of the 
output command to correspond to the transmitted communication, the resistances 
R , R^ and R^_ are selected in accordance with a binary numbering system. The 

values of the resistances R~, R, and R c should be such that the currents i _ 

3 4 5 a5 


and 


i & ^ of the tubes and T^ are 4 and 2 times greater than the current 


i ~ = iij of the tube T 0 . 
a3 Id 3 

digit of the binary code. 


We note that the current i characterizes a single 

Id 

The total current i in the measuring circuit has a 

K. 


pulse character. As an example, figure 7-33e shows a graph characterizing the 
dependence of i^ on time t when transmitting the number 6 by a three-digit 

0 1 2 

binary code. In this figure, the points a, 2 , 2 and 2 denote the times of 
appearance of the signals u^. and pulses which determine in a binary code the 

0 1 2 

digits 2 , 2 and 2 . The amplitude i^ of the i^ pulses in figure 7-33e is 6i. 


In a general case of use of a N-digit binary code, the value i^ is equal to 


/ » 1 


(7.6.1) 


where the function 6 t (i) assumes the same values as in the expressions deter¬ 
mining the coder output command. 

It is easy to demonstrate that in order to ensure a proportional depen¬ 
dence between the transmitted number and the mean component i ^ of the cur- 

mean 

rent i^(t), it is necessary that the intervals between the binary code pulses be 

insignificant in* comparison with the period T. 

Usually, the interval between successive binary code pulses is several 

units or tens of microseconds, at the same time that the value T exceeds /3^-3 

tens and hundreds of thousands of microseconds. In this connection, it can 

be assumed with a sufficient degree of accuracy that the pulses i (t) have a 

k 

square form and a duration equal to T - t^_, where t^ is the interval between 
0 

the points a and 2 shown in figure 7.33e. Then at the output of the smoothing 
filter (fig. 7 - 32 ) when K Q = const in a stationary regime we will have 

i mearf i ld k FlS H" • (7-6.2) 

/ = 1 
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where k is the transfer constant of the filter F-^ for the constant component 
of the current. 

It is most desirable to construct a CCRL in such a way as to satisfy the 
condition t^ « T. In this case, i mean will virtually coincide with i km and 

there is no need of a smoothing filter. 

Under the influence of the current i^, fed first to the filter F^, which 

sometimes can be absent, ampere turns AT^ are created in the winding 1 of the 

comparison device CD. We will assume that t « T. Then 

AT ! - 7 - 6 - 3 


where W^ is the number of turns in the winding 1 of the comparison device. 

In order to obtain an odd CCRL amplitude characteristic, the winding 2 of 
the comparison device CD is connected to a voltage source ensuring that a com¬ 
parison current i c equal to will pass through it. Under the influence 

of this current, comparison ampere turns AT are created. Then the CCRL out- 

put command, representing the difference of the ampere turns and under whose 
influence proportional movement of the rocket control surfaces will occur, will 
be equal to 


K = AT. 


AT 


mean 


- (7.6.M 


where is the number of turns in the winding 2 of the comparison device. 

This expression and also all the subsequent formulas used for determina¬ 
tion of the value of the command K as well as the coefficient of this command 
K Q are correct only for segments under the same condition as relation ( 7 . 5 . 1 )* 

Since 

*c=l 2'-W = *c*a+ 2 "“'’ 

then 

K = K Fl W l i ld K C " ^ ' Lw 2 1 ld 
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or 


/344 


N-l. , . 

K = k i WkL+2 (k i W - i'w) 
FI Id 1 C a FI Id 1 Id 2 


N-l 

= k k K„ + 2 (k -i'W), 
D1 C a D1 Id 2 


where k_. = i,„W,k , is the transfer constant of the decoder. 

Dl Id 1 FI 

It can be seen from the last expression that, in order to obtain K = 0 
when K a = 0, it is necessary to ensure the equality k^i^W^ = i^W^, which is 

achieved by balancing the CCRL output stages. 

In a balanced CCRL 


K “ ‘ldW»’ 


( 7 . 6 . 5 ) 


and the dependence of K on K^, is determined by the following formula 


K ■ k n 1 iaV K c - 


( 7 . 6 . 6 ) 


We recall that in expression ( 7 . 6 . 5 ) the value k i W k represents the trans- 

FI Id 1 C 

fer constant k of the command control radio link. 

CCRL 

Since in accordance with expression (7.6.6) 


K 


max 


~ k Fl 1 ld W l^ 2N " ■ L ^ 


as the command coefficient K Q at the CCRL output we find 


2 2'->»/(0-2 Ar - 1 2 , -‘#,(i)-l] 

— __ [<-i _J_, 

: 2 /v -‘-l ~~ 2 Af ~ 1 — 1 


( 7 . 6 . 7 ) 


We note that this relation is similar to the expression for K c in CCRL with 
pulse-width and pulse-phase modulation. 

Taking into account that 
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we also can obtain 


N 

2 S'-’MO 

• l-l _ 

Cc 2 n — l 


K _ (2^-l)(/CC(r-2 iv - 1 ) 

A c 2 VV " 1 — l ' (7-6.8) 


If the real durations T of pulses forming at the outputs of the decoder 

1 • » 

triggers when they are fed signals characterizing the digits 2* ^ (l = 1, 2, 

.N) are taken into account, we obtain 

N 

AT-^l^dS 2‘- a M i)^- AT mean . 

If the CCRL is balanced, the following condition should be satisfied /3^5 

N-l T t n 

"mean - Vlhi 2 


where T^ ^ is the duration of a pulse expressing the digit 2 


N-l 


Then 


K=k Wj 
FI Id 


£ 2'-‘8, (i)^A- 2 N ~ l ^ 

i-i 


This expression shows that K will not be a linear function of the command 

JV 

K =22 ,-1 M0. P roduce<3 by the coder. However, if the intervals between any 
C /-i 

successive pulses of a binary code are identical and equal to At, the latter 
expression is reduced to the following form 


K=k W x l 
FI Id 


N 

r 1Ar c + - r - S 2 ' _,(A '- /)8 ' (i) - 2 


W-l 


/-I 



In order to achieve total elimination of the nonlinearity of the CCRL 

amplitude characteristic, it is necessary that a device be placed between the 

binary decoding circuit and the filter F for storing the amplitude i, of the 

km 
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From triggers Tr^-Tr^ of 
binary coder 


Figure T•3^ 


current i^ and that the filter F^ be connected to its output only after ter¬ 
mination of transient processes in the decoder. 

If it is necessary to obtain a command in the form of a dc voltage at the 
CCRL output, the measuring apparatus can be designed as shown in figure 7-3^- 
This same figure shows the subtracting device SD to which is fed the comparison 

N-l 

voltage 2 U. In this case, the measuring apparatus is an N-stage amplifier, 
each tube of which is activated by a pulse of a corresponding trigger. The 
operation of the tubes is selected in such a way that their plate currents will 
be identical and the voltages created by these currents on the plate resis- 

, N-l 

tances will be related as 1:2:4:...:2 . Under these conditions the load 

(N-2^ 

resistances R^, R^, R^> ..., should be equal to R^, R^, 2R^, ..., 2 R^, 

where the value R^ is determined by the characteristics of the tubes and the 

set range of change of the CCRL output signal. The voltage u^ is fed from the 

resistances R , R , ..., Rjj in the form of dc pulses produced by the measuring 
apparatus. 1 * 


If the remarks presented above on 
code pulses and the value t-^ are taken 

decoder equation for a balanced CCRL 


the intervals between the binary /3^6 
into account, we obtain the following 
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( 7 - 6 . 9 ) 


K—U 


’ N 

2 2'- 1 8,(i)-2 JV_1 


where U is the voltage from the resistance R^. 

As in a decoder with a current measuring circuit, the stability of the 
output signals K produced by the apparatus whose diagram is shown in figure 

7-3^ is dependent on fluctuations of the voltages u mean = 2^”^ U and u^, and 

also on variations of the interval resistances of the tubes T^, T^, ..., T^. 

The stability of the CCRL output signals can be increased considerably if 
the resistances R-^, Rg, ..., R^ (fig. 7.3*0 are not cut in by the tubes T^, 

T 2 , ...» Tjj, but by means of the contacts of electromagnetic relays. The 

windings of these relays should be cut into the cathode circuits of the tubes 
of the cathode followers, which should replace the amplifiers T^, T 2 , ..., 
shown in figure 7*3^. 

Some possible variants of diagrams of relay measuring apparatus are shewn 
in figure 7.35a* b, c. The first two variants are based on the principle of 
use of voltage bridges, and the third uses a current bridge. 




In an apparatus of the first type, upon arrival of particular binary code 
pulses, the corresponding contacts of the relay in the arm AB are opened and 
those in the arm AC are closed. In the transmission of a zero command, the 
signal K from the bridge diagonal should be equal to zero. This can be /3V7 

achieved by cutting in the resistance into the circuit AB and short- 

circuiting the resistance of this same value in the arm AC, thereby balancing 
the bridge by a change of R^ an( * ^4* 

It is known that the output voltage of a bridge (fig. 7-35a) located on 
the resistance R is equal to 

*' ^ “ D D O p • (7«6.10) 

(#! + #*) (#3 + #4) + ft + ^4) + (/?l + ^f) 


During transmission of commands, the resistance R^ characterizing the arm AB 

N 

changes in conformity to the law 2 2 l “ 1 8 / (i) > and the sum is 




which remains constant. We note that Rg corresponds to the resistance in the 
arm AC (fig. 7*35®)• 


It is easy to show that in a bridge ensuring K = 0, the following 


condition should be satisfied when transmitting the number 2 


N-l 


/3b8 


/?, _ 2 yv “ l 

2 n ~ 1 — 1 ’ 

Taking these comments into account, on the basis of expression (7.6.IO) we 
obtain the equation for a decoder using the bridge measuring circuit shown in 
figure 7.35a 


2 2 ,— '*/ (0 — 2 ^—* 
/ = 1 



N ] 


2"_l + (2"-»_l)-J + 

2"-l- 

1=1 



(7.6.11) 


This equation shows that such a decoder has 
teristic drawn through the middle of the steps. 


a nonlinear amplitude charac- 
However, in selection of the 
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R, 


£\r\ 

ratio _ « 1, the dependence of K on K p can be made virtually linear for the 


entire range of changes Kq, that is, we can obtain 


N 


K~u- 


2 2 Z_I 8/ (i) — 2 N ~ l 


/= 1 


2 n — 1 -f (2 7V “ 1 —1) 


_ = b 

R* di 


N 


s 

/-I 




( 7 . 6 . 12 ) 


where 




is the decoder transfer constant. 

In the measuring circuit shown in figure 7-35b> with the arrival of the 

pulse of the l-th digit, there will be a switching of the resistances 2* 

in all arms of the bridge. As a result, there is approximately a double in¬ 
crease of the decoder transfer constant. 

The following expression can be derived for the voltage K from the output 
of a measuring apparatus based on use of a current bridge (fig. 7.35c) 


N 


K=u- 


2 2 z -' 8 , (/) — 2 n ~ x 

/ = l 


2"-! + -^- 


+ (2 Ar -'-l)4 L 


( 7 - 6 . 13 ) 


It should be noted that a current bridge, in which there is switching 
from one arm to another of resistances whose conductivities change in confor¬ 
mity to the binary law, ensures a linear amplitude characteristic of the 


decoder. 


The transfer constant of such a decoder. 


R 0 

when _ « 1, 
R 


is equal /3^9 


to k obtained when using a bridge of the first type. 


We note in conclusion that the diagrams of bridge measuring apparatus con¬ 
sidered here, making it possible to "ground” one pole of the voltage source, 
do not exhaust all the possible methods for designing CCRL with pulse-code 
modulation. For example, it is possible to use self-balancing bridges, dif¬ 
ferential measuring circuits, etc. The problem of what measuring apparatus 
should actually be used is solved taking into account the specific require¬ 
ments imposed on the CCRL. 


384 


Digitized by LjOOQle 





CD 


1 


Figure 7.36 


CCRL decoders in which the transmission of commands is accomplished using 
one sign-variable sequence of numbers in essence are a combination of the two 
apparatuses considered above. If a current measuring circuit is used, the 
windings 1 and 2 of the comparison device CD-^ (fig. 7 * 36 ) are the load for each 
of these apparatuses. 

These windings are fed signals from the low-frequency filters and F^, 

connected to the decoders (binary scalers), one of which operates for positive 
transmitted commands and the other for negative transmitted commands. 

When it is necessary to obtain K in the form of a dc voltage, there must 
be two corresponding voltage-measuring apparatuses. 

The dependence of the CCRL output signal on the value of the command pro¬ 
duced by the coder when using measuring circuits shown in figures 7*32 and 7 * 3 i +> 
in the case of using one sign-variable sequence of numbers, has the following 
form 


K= ak Fi A T x 2 2'-8, (/) + (a - 1) k ? ^ 2 £ 2 '-* 8 , (i) 


(1.6.1b) 


and 


K=aU> 2 + (a — 1) i/ 2 2 2 

/-l /-I 


(7.6.15) 


where AT^ and AT^ are the ampere turns produced by the windings 1 and 2 in the 

comparison device (fig. 7 * 36 ), and IL, are the voltages formed by the first 

and second binary circuits during transmission of the minimum values of nega¬ 
tive and positive commands, and a is a coefficient equal to +1 when K a ^ 0 and 
to 0 when Kg < 0. 

In order to obtain a symmetrical amplitude characteristic, it is nec- /350 
essary to satisfy the condition 
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k F1 AT 1 = kygATg = kpAT and = U 2 = U. 


When commands are transmitted by the difference of the numbers of "two 
sequences, when using two starting pulses to express the command of one chan¬ 
nel, the decoder should be the same as in CCRL with one sign-variable sequence 
of numbers. If the same starting pulse is used for both binary codes, the 
decoder should have one rather than two key pulse discriminators and the com¬ 
mutation circuit should be modified accordingly. 

The resulting command K at the output of a CCRL based on use of the dif¬ 
ference of two sequences of numbers, in the case of use of identical measuring 
circuits shown in figures 7*32 and 7-3^ (if it is assumed that T « T) is 

JL* * 


K=k i W 
F Id 


N 

2 2 2 '-' 8 , (i) - 2 n 

/-I 


and 


K=U 


N 

2 2 - 2 n 
i-i 


( 7 . 6 . 16 ) 


(7.6.17) 


Here i and U are the current and voltage produced by the binary decoding cir- 
ld 

cuits during transmission of the number 1, W is the number of turns in windings 
1 and 2 (fig. 7-36), and k^ is the transfer constant of the filters F, and F 
(fig. 7.36). T 1 2 

By determining the value from expressions (7-6.13), (7-6.14), 

( 7 - 6 . 15 ), ( 7 . 6 . 16 ) and (7.6.17), is is easy to derive formulas making it pos¬ 
sible to determine the command coefficients K c for different types of CCRL. 

Some distinguishing characteristics of CCRL with pulse-code modulation are 

the possibility of ensuring a high stability of transmission and registry (at 

the receiving end) of numbers characterizing K = 0 and the presence of errors 

a 

in the level-quantized transmitted signals. In addition, it should be noted 
that it is convenient to couple CCRL to a numerical command forming apparatus, 
which is not the case for CCRL with pulse-width modulation, pulse-counting 
modulation and pulse-phase modulation, since their coupling requires devices 
for conversion of continuous signals into numerical signals. However, whereas 
the first and third characteristics of a CCRL with pulse-code modulation are 
advantageous, the second may be regarded as a shortcoming. This can be attrib¬ 
uted to the fact that a quantization error leads to the appearance of-addi¬ 
tional errors of rocket guidance. 

We note in conclusion that the considered designs of coders and decoders 
are based on the use of binary codes which are indicative "incomplete” codes 
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characterizing a different number of pulses for the expression of different 
numbers. At the same time, "complete" codes also can be used for command /351 
transmission; the characteristic feature of such codes is a constancy of 
the number of pulses, regardless of the value K q . For example, an associative 
code is a "complete" code. 

The use of "complete" codes makes it possible to take additional measures 
for increasing the noise immunity of CCRL. However, it must be remembered 
that with an identical maximum number of pulses in the code, the number of pos¬ 
sible combinations in a "complete" code is considerably less than in an 
"incomplete" code. 


7.7- Command Control Radio Links for 
Transmission of Single Commands 

For transmission of single commands, the CCRL should be designed in such a 
way that at the receiving end there will be separation of the subcarriers in 
separate circuits. Single commands usually are irreversible. This means that 
it is impossible to restore the former state of the actuating apparatus after 
it has received commands. CCRL designed for transmission of single commands, 
therefore, should have a high simulation stability. Simulation stability is 
ensured by the use of such codes as are difficult to reproduce by interference. 
It should be stated that high simulation stability still does not completely 
determine the noise immunity of the CCRL because it also is dependent on the 
characteristics of suppression of the transmitted commands. 

Usually single commands in the CCRL coders are reflected by various code 
groups of pulses. In the simplest case, it is possible to use timing and fre¬ 
quency codes. For example, when a frequency code is used, the single command 
fed from the command forming apparatus in the form of a dc pulse is converted 
into pulses of a sinusoidal voltage of a fully determined frequency f 

Instead of one pulse, there can be several, acting simultaneously or at an 
interval. 

In the case of timing coding, the command is converted into a group of 
video pulses with intervals between them set in advance. 

If frequency codes are used for transmission of commands, the CCRL coders 
usually contain filters, tuned to the corresponding frequencies, coincidence 
stages and relays. As an example, figure 7-37 shows the diagram of a decoder 
for obtaining commands in the form of a dc voltage when a two-pulse frequency 
code is used in the CCRL coder. It is assumed here that both pulses act 
simultaneously. Groups of sinusoidal voltages are formed at the output of the 
filters F^ and Fg and these are converted into video pulses by the peak detec¬ 
tors PkD^ and FkD^ These video pulses act on the coincidence stage CS, con¬ 
nected to the relay Rel. By use of a contact of the relay Rel, a command /352 
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Figure 7.37 


K is produced in the form of a dc voltage only under the condition that the 
input signal is the sum of two sinusoidal oscillations. 

In addition to frequency and timing codes, it is possible to employ var¬ 
ious kinds of pulse-counting codes. The simplest pulse-counting code is a se¬ 
quence of a stipulated number of video pulses or pulses of sinusoidal oscilla¬ 
tions. In such a method of command transmission, the output stages of the 
coder should operate on the pulse-counting principle. 

In more complex systems, the commands are transmitted by numbers having 
several digits, each of which expresses a corresponding number of pulses. 

For example, it is possible to use six-digit numbers expressed by pulses such 
as in ordinary telephonic apparatus. In such coding the first single command 
is characterized by a single number (such as 50 - 37 - 68 ), the second by another, 
etc. If the command expresses the number 50-37-68, the figure 8 is trans¬ 
mitted by eight pulses, the figure 3 by three pulses, etc. Ten pulses are 
used for zero. 

A code of the considered type sometimes is called a six-digit code with 
a base of 10. It consists of 10 different figures in groups of 6 nonrepeating 
numbers, entered in different sequence. The apparatus of the CCRL decoder in 
each channel should operate in such a way that the output command appears only 
with arrival of signals of a stipulated code. 

In addition to frequency, timing and pulse-counting codes, there are other 
types as well. Selection of a specific type of code is based on the problems 
to be solved by the CCRL and the conditions under which it operates. 


7.8. Selection and Computation of the Principal 
Parameters of CCRL Numerical Decoders 

Certain initial data must be stipulated for developing the CCRL coders and 
decoders used for transmission of continuous commands. The selection and com¬ 
putation of these data, characterizing the principal parameters of the coders 
and decoders, should be accomplished taking into account the specific character 
of the operation of the CCRL as apparatus of the control system of pilotless 
objects. 

The principal parameters of the coders and decoders of a CCRL are: /353 
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(1) the rate of transmission of commands, determined by the number of com¬ 
mands per unit time; 

(2) the transmission bands of the separation filters; 

(3) the separation and values of the subcarrier frequencies in the CCRL 
with frequency separation of signals; 

(4) the capacity of the binary codes in a CCRL with pulse-code modulation 
and the repetition interval in CCRL with pulse-counting modulation and pulse- 
frequency modulation; 

(5) the capacity and structure of the timing codes. 


1. Rate of Transmission of Control Commands 

In most cases, in all types of CCRL the commands are transmitted discretely 
in time. This means that the signals K a are converted into pulses which follow 

one another at definite intervals of time. These intervals form the command 

repetition interval T. The value F = — is called the rate of command transmis- 

T 

sion. According to the V. A. Kotel'nikov theorem, for the precise reproduction 
of a continuously transmitted command K (t) with a limited spectrum of fre- 

quencies, it is sufficient to transmit only individual values of the function 

K (t) at the time T, equal to 

tr 



where is the higher frequency in the signal spectrum K a (t). 

In general the spectrum of the mismatch parameter and, therefore, the 
spectrum of the transmitted commands can be quite broad. However, the rocket 
will not react to rapid changes of the command K a (t). Therefore, the value F^ 

in the transmitted signal K (t) can be limited by the rocket passband AF-. The 

a * 

value AF r can be determined quite easily from equations describing rocket mo¬ 
tion (chapter 9). 

Since the V. A. Kotel'nikov theorem is based on the condition of use of 
optimal smoothing devices, which usually is an impossibility under actual con¬ 
ditions, the command transmission rate must be determined from the condition 
of a decrease of T^ r by not less than a factor of 5-10. Therefore 
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(7.8.1) 


F £ (10-20) AF r . 


For example, if AF r = (0.5-2) cps, then F ^ (5-^0) cps. 


2. Transmission Bands of Separation Filters 

The separation filters in a CCKL with pulse-width modulation of sinusoidal 
subcarriers should have a transmission band AF^ which ensures a virtually /35 1 * 

undistorted transmission of the envelope of pulses having a minimum duration 
Tmin. : '- s we H known, it is necessary that 


AF X * 


2- 3 

^min 


However, since 



taking into account that, when K„ = K . . the value T, = T . , we obtain 

7 c c min' 1 min 7 


T min = K min + 1 
T 2 


Therefore 


AF, ^-—- 

1 (K . + 1)T 

c min 


( 7 - 8 - 2 ) 


As an illustration, we point out that when K,,^ = -0.8 and T = 0.1 sec, 
the band AF^ should be 200-300 cps. 

The value AF^ for a CCRL with phase modulation is determined by the spec¬ 
tra of the transmitted signals and the technical possibilities of devising 
separation filters. 

In the final selection of the values AF^ in both CCRL with pulse-width 

modulation and in CCRL with phase modulation, it is necessary to take into ac¬ 
count the instability of the subcarrier frequency. 
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3, Frequency Separation of Subcarrier Oscillations 

In selecting the separation of the subcarrier frequencies in a CCRL with 
sinusoidal subcarrier oscillations, it is necessary to use as a point of depar¬ 
ture the .admissible levels of the transient and cross connection distortions. 
Transient interference arises due to the entry of the components of the spec¬ 
trum of oscillations of a signal of one subcarrier oscillation into the trans¬ 
mission band of the separation filter of the adjacent subcarrier signal. The 
level of transient interference is quite low if two adjacent subcarrier fre¬ 
quencies are separated by an interval equal to or exceeding 1.5 AF^. 

The cause of cross connection distortions is the nonlinearity of the am¬ 
plitude characteristics of the command transmission and reception channels. 

In order for the role of cross connection distortions to be reduced to an ad¬ 
missible minimum, it is necessary to select nonmultiple values of the subcar¬ 
rier frequencies. 


4. Minimum and Maximum Values of the Subcarrier Frequencies 
in CCRL with Pulse-Width Modulation 

The minimum admissible value of the subcarrier frequency is selected on 
the following basis: in the time of effect of the shortest pulse T . not less 

than 10-20 periods T go are produced. Otherwise, the edges of the pulses ar e/355 

extremely gently sloping, and as a result there is an increase of the influence 

of noise on the value of the CCRL output signal. It also should be pointed 

out that when T > 0.1 T . , there will be command distortion due to random 
so mm 7 

phase relations of the subcarriers if two independently operating generators 
are used. 

The maximum frequency of the subcarrier oscillation should be as small as 
possible so that the radio receiver passband will be quite narrow. However, 
in this case, it is necessary to take into account the admissible levels of 
transient and cross connection distortions. 


5. Capacity of Binary Codes in CCRL with Pulse-Code Modulation 
and Admissible Repetition Interval of Symbols in CCRL with 
Pulse-Counting and Pulse-Frequency Modulation 

The capacity N of binary codes in CCRL with pulse-code modulation and the 
period T^ in CCRL with pulse-counting modulation and pulse-frequency modulation 

are determined in such a way as to ensure that the quantization errors will not 
exceed admissible values. 
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Figure 7.38 


In order to determine the statistical characteristics of quantization er¬ 
rors at the output of a CCRL, each channel of which uses only one sequence of 
numbers, we will consider figure 7 - 38 * If all possible values K Q are trans¬ 
mitted, the signal K, defined by curve 1 (fig. 7-38a) will appear at the CCRL 
output. Under real conditions, with separation of the entire range of changes 
of K a into 2n + 1 intervals, a signal of steplike form, shown by curve 2 in 

this same figure, will be formed at the CCRL output. Curve 2 was constructed 
on the condition that the precise values K express the transmitted com- /39 
mands K Q corresponding to the midpoints of the intervals. It should be era- 

a 

phasized that as a result of the short duration of effect of a binary code in 
comparison with the period of transmission of commands T = ab = be = cd = de 
(fig. 7-38a), it can be assumed that in the course of T the height of the step 
will not change. 

In essence, this means that the leading edges of the pulses i^ (fig. 

7.33e) are vertical and develop at times corresponding to the beginning of the 
segments T. Comparison of curves 1 and 2 shows that at the time of formation 
of the leading edges, the true value K at the output of the binary scaler does 
not coincide with that which can be obtained under real conditions. The dif¬ 
ference between the stepped curve 2 and the signal 3> characterizing the 
precise conversion of the smoothly changing function K a (t) into a discrete 

value, is an instantaneous value of the quantization error Aqj this can assume 

either positive or negative values. The dependence of A on t is shown in 
figure 7 . 38 b. 
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It follows from the earlier considered principle of design of a CCRL 
which uses only one sequence of numbers that the maximum value A of the 

error A^ is proportional to half the width of one K^(t) separation interval. 

Therefore, as a result of level-quantization of K a (t), the maximum error 

AK' of the command coefficient K in a CCRL based on the use of numbers 

c max c 

of nonvariable sign, in accordance with expression ( 7 . 6 . 7 ), will be equal to 


AK' 

c max 


1 1 
2 2*- 1 - 1 * 


(7-8.3) 


Knowing the value , using expression (7*8.3), it is possible to com¬ 
pute quite easily the maximum distortion of the command K caused by level- 
quantization of the transmitted commands. 

For CCRL based on use of two sequences, the maximum distortion of the com¬ 
mand coefficient also is determined by formula (7.8.3). 

In CCRL with one sign-variable sequence of numbers 


AK' 

c max 



(7.8.4) 


In actual practice, it can be assumed that within the limits of a single 
quantization interval, the value of the command coefficient at the input and 
therefore at the CCRL output changes in conformity to a uniform law of proba¬ 
bility distribution w(AK') ---- in the range from - AK' to AK' 

c 2AK' c max c max 

c max 

Therefore, the mathematical expectation of the distortions AK^ due to quantiza¬ 
tion of K„(t) for CCRL with pulse-code modulation is equal to zero. Under /357 
this same condition for the dispersion cr 2 ^ of distortions of K a (t) due to quan¬ 
tization of K (t), with formulas (7*8.3) and (7*8.4) taken into account, we 
obtain a 


o 2 = 

qK 


4Ar c max 

y a*,> (uq a <ajq=- i. _, 

-a/t' 
c max 


( 7 . 8 . 5 ) 
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and 


qKT~ 12 (2"-l) 2 


( 7 . 8 . 6 ) 


In order to determine the random errors of rocket guidance caused by quan¬ 
tization errors, a knowledge of only the dispersion of command distortion in 
the interval T is inadequate. This problem cannot be solved without knowing 
at least the spectral density G (f) of the fluctuation component of the signal 

yt). ic 

We note that G (f) determines the continuous part of the spectrum for the 
Ac 

signal Ag(t) when f ^ 0 . 

The duration of pulses Ag(t), having a random amplitude, usually does not 

exceed 0.1-0.2 sec. Therefore, in the passband of the control system as a 

whole G (f) remains virtually constant and is equal to G. (0). This means 
Ac Ac 

that it is not necessary to compute the entire function G. (f), but only its 
component when f = 0 . ' i '" 


The value of G. (0) for the function A_(t) can be found as the ratio of 
Ac q 

2 

the dispersion of of the signal fluctuations A (t), averaged over the time T, 
Ac 

to the effective passband AF which they occupy. Since the function Aq(t) 
approximately represents square pulses with a random amplitude, constant dura- 

O O O T 

tion and off-duty factor equal to unity, or = cr K and AF = —. 

Ac qlC max ep pT 

Then 


G, (0) = 2a 2 TEC 2 . 
Ac qK max 


(7-8.7) 


We note that a more detailed derivation of the formula for the spectral 
density of pulses with a random amplitude is given in reference 33* By 

dividing expression (7.8.7) by it is possible to find the spectral den¬ 

sity Gqj^(O) for the fluctuation component of the command coefficient 

V 0) = 2 o l?- (7 - 8 - 8) 
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Figure 7.39 


2 2 

By substituting into expression ( 7 . 8 . 7 ) the values a „ and K , found 

qK tnax 

earlier, it is possible to derive formulas determining G^ c ( 0 ) for different 
types of CCRL with pulse-code modulation. 


Formulas (7.8.5)-(7-8.8) make it possible to find for different types /358 
of CCRL with pulse-code modulation the necessary number of digits N for the 
binary codes used, if the limiting value G^ c (0) is stipulated. The limiting 

value G_ (0) is determined on the basis of the admissible mean square error of 
Ac 

rocket guidance and can be found as a result of analysis of the guidance cir¬ 
cuit as a whole. 

_R 

As an example, we point out that when G^ c (0) = 1-10 sec for a CCRL with 
two sequences of numbers, it is necessary to use a binary code with N ^ 4. 


As already mentioned, there will be formation of quantization errors in 
CCRL with pulse-code modulation and pulse-frequency modulation, with parallel 
arrangement of the subcarriers. At the output of a CCRL coder with pulse¬ 
counting modulation, the transmitted value of the command is determined by the 
intervals T^ = m^T^ and TJ, = ni^T^Cfig. 7-39)- Therefore, in the case of iden¬ 
tical parameters of the circuits for analyzing symbols of the first and second 
kinds in the decoder, the coefficient of the output command in the first chan¬ 
nel is determined by expression ( 7 - 3 - 5 )- At the same time, the actual value of 
the received signal should be characterized by the command coefficient 


K 


cf 



(7.8.9) 


However, as can be seen from figure 7*39* 


T 1 = m 1 T i + At, (7.8.10) 

T 2 = m 2 T i - A', (7.8.11) 
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where At can vary in the range ± —. 

2 

On the basis of equations (7.3-5)> (7.8.9)> (7.8.10) and ( 7 .8.11), taking 
into account that T = mT^, we derive a formula determining the error for the 

command coefficient AK' 


AK£ = K cl - K cf = ^1 when - 0.5 £ At ^ 

With a change of At from -0.5 T. to 0.5 T., the error AK' 

11 c 

can assume a maximum value 


0.5 T t . ( 7 - 8 . 12 ) 
changes linearly and 


AK f 
c max 


Ti 

T * 


If it is 
limits of the 


assumed that the value At changes randomly and within the 
interval T has a uniform probability distribution it 

i m 


IM 

is pos¬ 


sible to find the following relations determining the mathematical expectation 

_ 2 

AK ! and the dispersion a „ of the distortion AK 1 
c ^ qK c 


aiq - 0. 


T 

=l Ti 


qK 


3 t 2 


( 7 . 8 . 13 ) 

(7.8.14) 


Formula (7.8.14) makes it possible to compute the necessary repetition 
interval of code groups, if the admissible values of level-quantization er¬ 
rors of the transmitted signals K a (t) and the transmission rates of the com¬ 
mands are known. 

Since AK^(t) represents square pulses with a random amplitude, constant 

duration and off-duty factor of 1 , the spectral densities of the fluctuations 
of the CCRL output signal and the coefficient of the output command will be de¬ 
termined by formulas ( 7 . 8 . 7 ) and ( 7 . 8 . 8 ). 
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For CCRL with pulse-phase modulation with parallel arrangement of the 
subcarriers, the relations determining the quantization errors are the same as 
for a CCRL with pulse-counting modulation. 


6. Capacity and Structure of Timing Codes 

The selection of the capacity n and structure of timing codes must be ac¬ 
complished in such a way as to ensure the best operation of the CCRL when it 
is subjected to radio interference. 

Interference can form spurious codes and upon interacting with trans¬ 
mitted signals can cause suppression of one or more useful pulses. The proba¬ 
bility p that a transmitted n-pulse code will not be suppressed is equal 

nonsup 

to (with an identical probability p SU p of any of the pulses) 


■ nonsup 


= (1 


P sup^ 


( 7 . 8 . 15 ) 


Expression ( 7 . 8 . 15 ) is correct under the condition that the transmitted 
code can pass through the coincidence stage only in a case when not one of n 
pulses is suppressed. 

It follows from formula ( 7 . 8 . 15 ) that, with an increase of n for a par¬ 
ticular level of interference, the probability of passage of code groups 
through the CCRL decoder decreases. 

However, with a decrease of n, there is improvement of the conditions for 
the formation of spurious codes by interference. For example, when the CCRL 
is affected by pulse interference with random intervals between the pulses, 
the probability of formation of a spurious code is determined by the following 
approximate formula (ref. 82 ) 


P 


k 




( 7 . 8 . 16 ) 


where Z is the mean number of interference pulses in 1 sec at the coin- /360 

cidence stage input, and is the pulse duration. 

We note that formula ( 7 . 8 . 16 ) determines p, quite precisely when Zt « 1. 

k p 

It also should be mentioned that in the case of large n, extremely rigorous 
requirements should be imposed on the stability of the delay lines used in the 
decoders. Therefore, the values n = 2-5 can be considered most desirable. 

In order to decrease the possibility of formation of spurious codes due to 
the interaction of pulses and interference, for selected n, it is necessary to 
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select different lengths of the intervals between the successive pulses in the 
code, usually not multiples (ref. 110)• Under this condition, an n-pulse 
spurious code is formed only with the augmentation of one of the transmitted 
signals by n - 1 interference pulses. If two or a greater number of intervals 
in the code are identical, in order to augment the transmitted signals to a 
code of the specified kind, it is necessary to have a lesser number of inter¬ 
ference pulses. 

The maximum duration (base) of a timing code is limited by the admissible 
number of units ^tne i n the delay line used in the coders. It is known that 

with an increase of n , , the attenuation of the signals occurs approximately 

line 7 

in a geometric progression. For practical purposes the timing code bases are 
not more than several tens of microseconds. 

In selecting the structure of the codes, it also is necessary to bear in 
mind that the minimum intervals At m ^ n between successive pulses should be not 

less than 2-3 pulse durations. This is necessary so that the transient proc¬ 
esses in different CCRL stages will end in the time t < At . . Naturally, in 

a mm u 7 

actual practice, an effort must be made to obtain the minimum code base. 


7.9- General Information on the Selection and Computation of the Principal 
Parameters of CCRL Receiving-Transmitting Apparatus 

Radio transmitting and radio receiving apparatus of the CCRL are important 
components of the control radio link. Despite the fact that the problems 
solved by the radio transmitter and radio receiver in the CCRL and similar 
apparatus in radio telephone, radio telegraph, radio telemeter and radio navi¬ 
gation systems have some points in common, there are a number of specific 
requirements which must be taken into account in the development of the high- 
frequency channel of the CCRL. 

The following factors must be taken into account in the. functional and 
circuit diagrams of the transmitter and receiver of the CCRL, their design and 
the quality of their operation: 

(1) the required directional diagrams of the transmitting and receiving 
antennas of the CCRL; 

(2) the range of wavelengths used; 

(3) the necessary strength of radiation; /361 

(4) the passband and the general amplification factor of the receiver. 

A number of other technical characteristics of the transmitter and re¬ 
ceiver can be selected or stipulated on the basis of the general theory of 
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radio communications and the information which was cited during the discussion 
of the coders and decoders of the CCRL. 


1. Required Directional Diagrams of CCRL Antennas 

When selecting the parameters of an antenna system, and especially the 
characteristics of the directional diagrams, it is necessary to take two con¬ 
tradictory requirements into account. On the one hand, the directional dia¬ 
gram should be quite narrow so as to increase the concentration of energy in a 
particular direction and increase the secretiveness of operation of the CCRL, 
and on the other hand, be quite broad so that in the case of possible evolu¬ 
tions, such as of a rocket-carrying aircraft from which guidance is being con¬ 
trolled and of a rocket, the latter is not lost from the zone of scanning. 

The CCRL antennas set up at the control point can be of the tracking type 
(tracking the direction to the rocket) or fixed. The antennas carried on the 
rocket usually are fixed relative to its body. This can be attributed to the 
considerable unwieldiness of the equipment necessary for creating a tracking 
system. 

The mentioned contradictory requirement is satisfied most completely when 
using tracking antennas set up at the control point. The use of such antennas 
is particularly desirable in those cases when the control point has radar 
tracking antennas or some other electronic apparatus designed for determining 
the coordinates of a rocket. 

Under such a condition, the CCRL transmitting antenna is coupled (mech¬ 
anically or by remote control) to the antenna of the instrument for measuring 
rocket coordinates or the same antenna is used for the CCRL transmitter and 
the instrument for measuring coordinates. The shortcoming of CCRL antennas is 
the relative complexity of the resulting apparatus. The selection and computa¬ 
tion of the principal parameters of coupled antennas is accomplished in accor¬ 
dance with those methods which are used in radar. 

If the maximum simplicity of design of CCRL transmitting and receiving 
antennas is required, these antennas should be fixed. In this case, it is im¬ 
portant to determine the necessary width and form of the directional diagram 
in the vertical and horizontal planes, and also the adjusting angle character¬ 
izing the direction of the radiation (reception) maximum in relation to the 
earlier selected coordinate system. 

We now will consider an approximate method for selection of the required 
width of the directional diagram, its form and adjusting angles for a /362 
fixed antenna, such as for a CCRL whose transmitting apparatus is carried 
aboard an aircraft. 

The width 0^ and Q^ of the directional diagram at half-power for the 
horizontal and vertical planes, the adjusting angles of the antenna and P v 
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Figure J.kO 


characterizing the direction of the radiation maximum relative to the longi¬ 
tudinal axis of the aircraft in the horizontal and vertical planes, and the 
form of the directional diagram should be selected so as to ensure a stable 
communication for any possible flight trajectories of an aircraft and rocket, 
taking into account their oscillations about the centers of mass. 

The values 0 q v , ^h an< ^ ^v are determined by constructing the most 

probable flight trajectories of the rocket carrier and of the rocket, using 
a ground coordinate system for this purpose. Since the method for computing 
© 0 h> Pfr an d ®0v> Pv ; ’' s identical, henceforth we will consider only the verti¬ 
cal plane oy e x e (fig. 7.40). 

Assume that the aircraft and rocket during the entire time of guidance 


.R. , corre- 
1 k’ 

sponding to constant values of time increment At. Obviously, the smaller the 
value At, the more precise will be the results. 

By connecting the ends of each segment by a straight line, we obtain the 
direction of the communication lines for each position of the rocket carrier 
relative to its longitudinal axis A^x.^. The position of the axis A^x^ c can 

be determined approximately as the tangent to the direction of motion of the 
aircraft. 

It follows from figure 7-^0 that for the moment of time when the aircraft 
and rocket are situated at the points and R^, the angle between the 

communication line A^R^ and the axis A^x^ c is equal to 


AA^. and AR fc 


move along the curves AA^ and AR^. We will divide the curves 
into k segments AA^, A^A^, ..., A^ ^A^ and AR^, R^R^, •••> 


3 vi - ®i - e ci' 


(7-9.1) 
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Figure 7.41 


Here is the angle of inclination of the communication line relative to /3^3 

the plane tangent to the Earth at point 0, and 0 C ^ is the angle between the 
axes A i x lc and AjX^. 

Denoting the coordinates of the points and by x ri , y ri and x ci , y ci , 
we find that 


sin 



> 


where n=V y C i) 2 is the distance from the control point to the 

rocket. 

Since 

sin sin e i cos 0 ci — cos e, sin 0^, 

then 

coS»„. (7.9.2, 


If all possible values y ri , y ci , x ri , x ci , 0 ci and ^ are determined 
during the time of rocket guidance T , it is possible to find k radii vectors 

O 

whose lengths are r.^ and the angles of inclination to the axis A ^ x ^ c are P vi * 

By constructing these radii vectors in a related coordinate system x-j^, 

y lc (fig. 7.41) and connecting their ends with a smooth curve, we obtain the 

form of the directional diagram on the basis of which it is possible to deter¬ 
mine the adjusting angle and the width 0 q v . 

The diagram obtained in this way should be broadened taking into account 
the possible oscillations of the rocket and aircraft. 
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It should be noted that, in some cases, it is possible to obtain forms of 
diagrams which are infeasible from the technical point of view. In order to 
overcome this difficulty, it is necessary to increase the width 0q v (or 0^) so 
that it is possible to create a quite simple antenna system. 

A similar method is used for computing the adjusting angle and the width 
of the directional diagram carried on the rocket. At the same time, it must be 
remembered that there are limited possibilities for mounting antennas on small 
rockets without disrupting their aerodynamic properties. Very frequently, it 
is necessary to mount the antenna in such a way that it forms one of the ele¬ 
ments of the rocket. It therefore follows, in particular, that it is desirable 
to use small antennas and therefore ultrashort radio waves. 

j 

The most important antenna systems for rockets are: M 

(1) a dielectric radiator; 

(2) a slotted antenna; 

(3) radiators of the "wave channel" type, etc. 

2. Wavelengths Used 

The following general considerations must be taken into account when se¬ 
lecting the wavelength range for CCKL (ref. 4). 

(1) assurance of high stability of the working frequency, which is dic¬ 
tated by the necessity for obtaining a reliable untrimmed communication with a 
relatively narrow passband of the radio receiver (this is important for in¬ 
creasing the noise immunity of the CCKL); 

(2) obtaining the necessary number of fixed waves for interchangeability 
and creating conditions for easy transfer from one wavelength to another; 

(3) assurance of the spatial selection of radio signals when using small 
antennas; 

(4) assurance of a small weight and size of receiving-transmitting ap¬ 
paratus ; 

( 5 ) the feasibility of the range of working waves from the point of view 
of the principle of operation of the CCKL. 

In addition, the required effective range of the CCRL, the character of 
the radiated signals (pulse or continuous signals), the screening effect of 
the gas jet of the jet engine of the rocket causing absorption of energy and 
distortion of the directional diagram and the characteristics of radio wave 
propagation exert an appreciable influence on the selection of the range of 
working waves for the CCRL. 

Taking all these factors into account, it can be concluded that when there 
is geometrical visibility, preference should be given to the region-of meter, 
decimeter and centimeter waves. 
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Meter and decimeter waves are most suitable for CCRL producing continuous 
signals or pulses of considerable duration. The merits of these waves are: 
the possibility of ensuring stable communication with a narrow radio receiver 
passband by the use of quartz crystals or frequency stabilization; a quite 
large number of fixed waves is obtained; slight atmospheric attenuation and 
slight attenuation in the jet of ionized gases of the rocket engine. A short¬ 
coming of meter and decimeter waves is the difficulty of obtaining high- 
directional radiation and reception. 

In actual radio communication with short pulses, only waves in the cen¬ 
timeter wavelength range are used. As is well known, the shorter the wave, the 
easier it is to form a narrow radiation and reception diagram even with small 
antennas. At the same time, centimeter waves have shortcomings. The most im¬ 
portant of these are: 

(1) the low frequency stability of available generators; / 36 ^ 

(2) considerable atmospheric attenuation; 

(3) the difficulty in obtaining a considerable number of fixed waves. 

Short waves also can be used for communication for considerable distances 
near the Earth's surface. 


3- Necessary Power of the CCRL Radio Transmitter 

When computing the necessary power of radiation of the CCRL radio trans¬ 
mitter, the most important factor is ensuring the required signal strength P rec 

at the input of the radio receiver during the entire time of rocket guidance. 

The value P reQ is determined in accordance with the required signal-to-noise 
ratio. 

If there is no reflection from the Earth and attenuation in the atmosphere 
and in the jet of jet engine gases is not taken into account, as is well known, 
the value P^ can be computed using the following formula 

P„ = l6 n 2 ( 7 . 9 . 3 ) 

n n \ 2 


where r is the distance from the radio transmitter to the radio receiver: 

rr * 

G^ and are the amplification factors of the transmitting and receiving an¬ 
tennas, respectively, and X is the wavelength. 

If a range of waves is selected whose character of propagation is depen¬ 
dent on the state of the atmosphere and the composition of the jet of gases 
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from the jet engines, the value obtained on the basis of the cited expres¬ 
sion should be increased by the corresponding number of times. 

In control of rockets of the "air-to-ground" class, direct radio waves 
and radio waves reflected from the Earth reach the input of the CCRL radio re¬ 
ceiver. As a result, there is interference of the electromagnetic field along 
the flight trajectory of the rocket. The maximum and minimum values of the 
received signals will be formed at the time of arrival of the direct and 
reflected waves in phase and antiphase, respectively. 

Accordingly, computation of the necessary power of radiation should 

include allowance for the Earth's influence on the power of the input signals 
for different possible flight trajectories of the rocket and motion of the 
point where the radio transmitter is situated. 


4. Required Passband and Amplification Factor of Radio Receiver 

The minimum necessary passband Af of the CCRL radio receiver is deter¬ 
mined by the spectrum of the radiated oscillations, which is essentially depen¬ 
dent on the type of modulation. 

In an N^-channel CCRL with width-pulse modulation of sinusoidal sub- /3 66 

carrier oscillations, for a case when the principle of an active pause is used, 
the oscillations produced at the same time by the transmitter generator are 
modulated in amplitude by N "harmonic" signals. For such radio links, the 

spectrum of the radiated signal, without taking into account the phases of the 
individual components, when K a = const in all channels, has the forms shown in 

figure 7.42, where f^ is the carrier frequency of the radio transmitter; 

f f , , T are the subcarrier frequencies of all the CCRL channels, 

sub 1* ’ sub N k 

The upper and lower side components are situated near each subcarrier. The 
frequency interval between adjacent components of this form is equal to F. 

The spectrum shown in figure 7-42 can be found by summation of spectra 

obtained during modulation of periodic pulses of an identical duration by 

sinusoidal oscillations with the frequencies f gub f sub 2> •••> ^sub N * 

k 

turn, the radio transmitter is modulated in amplitude by signals having such a 
total spectrum. 

With a change of the transmitted control commands, the amplitudes of all 
the side components will not remain constant. In addition, the interval 
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f n = ^sub 


h~fm K 





ifadfe. 




Figure 7.42 


between components with the frequency f Q + if gufe ^ (i = 1, 2, N fc ) and the 

side component having a zero amplitude will be the greater the lesser the time 
the considered subcarrier oscillation is effective. 

Figure 'J,h2 shows that the minimum required passband of a CCKL radio re¬ 
ceiver with primary pulse-width modulation of sinusoidal subcarriers and 
secondary amplitude modulation should be equal to 


Af = 


2 ^f 


sub N,. 


1 

2 



> 


where F„ is the width of the spectrum of pulses of sinusoidal oscillations with 
s 

the frequency f gub N • 

K. 

The value F can be determined in the following way 
s 


1-2 

- } 
T N k mi n 


where is the minimum possible pulse duration in the CCRL channel. 

It is also possible to find the value Af for radio receivers of com- 7367 
mand control radio links based on the use of phase modulation of sinusoidal 
subcarrier oscillations. 

In pulse radio links, the width of the spectrum of radiated oscillations 
is dependent on pulse duration and the form of pulse modulation. Usually, the 
transmitted commands are extremely slowly changing functions of time. There¬ 
fore, the value Af can be found, using as a point of departure the stipulated 
accuracy of reproduction of the envelopes of unmodulated pulses. It is neces¬ 
sary to proceed in the same way in computations of Af for CCRL with code signal 
selection. This can be attributed to the fact that the minimum intervals be¬ 
tween succeeding pulses in the timing codes always exceed the pulse duration. 
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In the final selection of the passband of the radio receiver, it is neces¬ 
sary to take into account the frequency instability of the radio transmitter 
generator and the radio receiver heterodyne. 

The general amplification factor of the CCRL receiver is determined so as 
to ensure the stipulated values of the amplitudes of the subcarrier oscilla¬ 
tions at the input of the CCRL decoder. 
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CHAPTER 8. NOISE IMMUNITY OF COMMAND CONTROL RADIO LINKS 


8.1. Mathematical Description of Processes in Command Control Radio 
Links with Influence of Radio Interference Taken into Account 

1. Qualitative Characteristics of Effect of Interference 
and of a Statistically Equivalent Filter 

It follows from the preceding chapter that single-channel command /368 
control radio links, depending on the number of subcarrier oscillations used 
for transmission of K a (t) commands, can be apparatus of differential or nondif¬ 
ferential type. In CCRL of the nondifferential type only one subcarrier oscil¬ 
lation is modulated by the K Q (t) signal, while in a CCRL of the differential 

type the command K„(t) is reflected by two modulated subcarrier oscillations. 

If as a point of departure we use the properties of conversion of the 
transmitted signals, in any single-channel CCRL of the nondifferential type 
with pulse modulation of the subcarrier oscillations, it is possible to distin¬ 
guish an output filter representing a dynamic link with constant parameters 
and an inertialess pulse element with parameters changing with time in a jump 
and connected in series. The pulse element includes a coder, radio transmit¬ 
ter, radio receiver and all the pulse devices of the decoder. In CCRL with 
continuous forms of modulation, the pulse element, in the coder, is replaced by 
a system with variable parameters forming, for example, due to the presence in 
the radio receiver of automatic volume control. 


The coder, decoder, radio transmitter and radio receiver of the CCRL usual¬ 
ly are such that in the working range of changes of the transmitted com- /369 
mand K a , there is a linear dependence between the output signal K of the 

CCRL and K fi . Therefore, the CCRL as a whole can be replaced by some linear 

filter representing the equivalent of the CCRL as one of the links included in 
the radio control system. 


The weighting function g(t) of the mentioned filter should be such that 
the command K a (t) is amplified by times and there is a transient process 


determined by the inertial properties of .the CCRL filter. It can be shown that 
the same equivalent model is applicable for a CCRL of the differential type, if 
its output filters have identical characteristics. In actual practice, this 
condition usually is fully satisfied. 
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The effect of the instrument noise of the CCRL radio receiver and also 
external natural and artificial radio interference leads to the partial or com¬ 
plete suppression of the transmitted signals, the formation of spurious signals, I 
exerting an influence on the operating regime of the decoder, and change of the . 
parameters of modulation of the subcarrier oscillations. As a result, depend- j 
ing on the type of CCRL and also on the structure and intensity of the inter¬ 
ference, the influence of the latter causes: 

(1) formation at the CCRL output of a signal K^t) equal to the sum of the 

command K(t) which would exist in the absence of noise and additive (not depen¬ 
dent on the command K) noise characterizing the distortion of K; 

(2) change of the CCRL transfer constant, which can be a random or deter- 1 

mined function of time, and the appearance of additive noise at the CCRL out- J 
put, under the condition that as a dynamic link it remains linear; ! 

(3) the conversion of the CCRL into a nonlinear dynamic link with constant j 

or variable (including random) parameters, at whose output acts a signal which 

is a function of the transmitted command K and additive noise. 

a 

When the interference is virtually suppressed, all the transmitted signals 
overload either one or more stages in the CCRL receiver and a signal is pro¬ 
duced at its output which is not dependent on K . This means opening of the 

81 

guidance circuit for the command transmission channel. 

It follows from the above that when the CCRL is subjected to interference 
the weighting function g(t), in a general case, no longer can characterize the 
conversion properties of the CCRL. At the same time, a knowledge of the CCRL 
equation determining the relationship between the command K^t) (produced by 

the CCRL with the effect of interference taken into account) and K„(t) is neces- 

sary for determination of the errors of rocket guidance. This can be attrib¬ 
uted to the fact, as already noted, that the CCRL is one of the links of a 
closed control system, and the guidance errors can be determined only by solu¬ 
tion of the equations describing the control system as a whole. 

Due to the considerable number of nonlinear devices constituting /370 

parts of the CCRL and the random change of interference parameters, in ac¬ 
tuality, it is difficult to determine the functional dependence between K^t) 

and K (t), especially when taking into account the influence of interference of 

a considerable intensity. In most cases, it is possible to compute analytical¬ 
ly or experimentally only the conditional (although sometimes also the uncon¬ 
ditional) moments of lower orders for the random signal K^t). We recall that 

the conditional moments for K^t) are determined the same as the unconditional 
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moments, but under the assumption that the values of the input signal K (t) are 

stipulated. The conditional moments are determined more easily than the uncon¬ 
ditional moments because when computing the latter, it is necessary to take 
into account the random character of the change K (t), for example, due to 

fluctuations of the output signal of the coordinator, and to know the law of 
probability distribution for K a (t). 

In order to overcome the difficulties involved in finding the functional 
relationship between K^t) and K & (t) as a result of solution of a system of 

equations describing processes in different stages of the transmitting and re¬ 
ceiving apparatus of the CCRL, the latter, taking the influence of radio in¬ 
terference into account, should be replaced by some statistically equivalent 
converter whose parameters should be determined on the basis of known moments 
for the command K n (t). This converter, called a statistically equivalent fil¬ 
ter (SEF), when fed the commands K (t), should form a signal K (t), coin- 
ciding with K^t) in accordance with the selected criteria for approximation of 

random functions. The statistically equivalent filter, depending on the type 
of CCRL and also on the structure and intensity of interference, can be either 
a linear or nonlinear apparatus with constant or variable (including random) 
parameters. When the CCRL is replaced by a statistically equivalent filter, it 
is necessary: 

(1) to establish criteria of equivalence of the random functions K_(t) and 

(2) to select an approximating function (type of SEF equation); 

(3) to determine the character of change and the necessary characteristics 
for the parameters of the approximating function. 


2. Conditions of Equivalence of CCRL and SEF 


For practical purposes, in many cases, a necessary and sufficient condition 
for equivalence of real CCRL and SEF is an equality of the mathematical expecta¬ 
tions and correlation functions (spectral densities) for the commands K (t) and 
K ne ( t )> respectively. 


When an allowance is made for the influence of the instrument noise of the 
CCRL radio receiver, the K^t) output signal usually is a stationary or quasi¬ 


stationary (close to stationary) random process. This can be attributed /371 
to the fact that the instrument noise of the radio receivers is stationary, 
whereas the control commands usually are transmitted continuously or periodical¬ 
ly. If the CCRL is affected by external radio interference, as a result of the 
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inconstancy of its parameters and also changes of the coefficients of modula¬ 
tion of interference (especially artificial) and the distance between the in¬ 
terference source and the rocket, the function K R (t) is nonstationary. How¬ 
ever, it must be remembered that the intensity of the external interference 
arriving at the CCRL input changes considerably more slowly than the random 
processes that transpire in the elements of the CCRL, which are virtually 
inertialess links relative to K o (t). The nonstationary modulating voltages in 

the interference transmitters should be low frequency so that the interference 
can pass to the CCRL output. In this connection, it can be assumed that, 
within the limits of small segments of the rocket flight trajectory, the func¬ 
tion K n (t) also will be quasi-stationary. If the processes transpiring in the 

CCRL decoder are quasi-stationary and the time constant of the radio control 
system as a whole, determined by the inertia of the rocket, is considerably 
greater than the command repetition interval, as the statistical characteris¬ 
tics of the random function K^t) it is possible to employ its time-averaged 

moments without introduction of any significant error. 

The use of time-averaged moments for the signal K n (t) leads to the pos¬ 
sibility of obtaining a stationary statistically equivalent filter which can be 
used in an investigation of the noise immunity of radio control systems, more 
simply than when the CCRL is replaced by a nonstationary SEF. 

Taking the above into account, we will assume that at the CCRL output, 
when subjected to radio interference, a command K^t) is formed which consti¬ 
tutes a stationary or quasi-stationary function of time and that the equiva¬ 
lence of real CCRL and SEF is determined by the following equations 


Kne = Kn 


} 


( 8 . 1 . 1 ) 


R e (x) = R n (x), 


( 8 . 1 . 2 ) 


where and are the mathematical expectations or time-averaged mathemati¬ 
cal expectations, respectively, for stationary and quasi-stationary signals 

K (t) and K (t); R (t) and R (t) are the correlation functions or time- 
ne n e 

averaged correlation functions, respectively, for stationary and quasi- 
stationary signals K ng (t) and K n (t); t is the interval between the moments of 

time for which is sought a correlation of the functions K^t) and K^t). 
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In those cases when the function K n (t) differs appreciably from a sta¬ 
tionary character, even in the case of insignificant movements of the rocket, 
the equivalence of CCRL and SEF must be established in accordance with the /372 
equations of the mathematical expectations and the correlation functions 
for the signals ^(t) and Kj^t) without use of time-averaging operations. 

Despite the fact that all the subsequent expositions will be presented in 
accordance with equations (8.1.1) and (8.1.2), the method used in determining 
the parameters of a stationary SEF is suitable also for a CCEL whose output 
signal K^t) is nonstationary. 

3. Linear SEF 

If under conditions when radio interference is present a real CCRL remains 
a linear converter of transmitted commands K Q (t), it can be replaced by a 
linear SEF in which the output signal is 


Kn e (t) = S Q (t) + § 1 (t)K a (t), 


(8.1.3) 


vhere § 0 (t) and (t) are coefficients not dependent on K (t) and subject to 

determination in accordance with the stipulated criterion of approximation of 
the random functions K^(t) and K ne (t). 

It can be assumed that this equation is derived as a result of replace¬ 
ment of K^(t) by K ne (t) in the expression characterizing the functional rela¬ 
tionship between K^t) and K a (t), which would be found from solution of a sys¬ 
tem of equations reflecting the behavior of a linear CCRL when affected by in¬ 
terference and when the inertia of the CCRL in relation to the transmitted com¬ 
mands is neglected. The necessity for replacement of K^(t) by K ne (t) can be 

attributed to the fact that, on the basis of a finite number of known moments 
for Kn(t), it is impossible to determine fully the random function K (t). 

We will show that a necessary and sufficient condition for the applicabil¬ 
ity of equation (8.1.3), for description of processes transpiring in real CCRL 
subjected to the influence of radio interference, is the satisfaction of the 
two following relations 


Wc=H^ a W. (8.1.4) 

!*n< T )lc= ( T ) + ?i W W Ka V + T ) + * ^ * a (0 

+ T3W^(/ + x) (8.1.5) 


kll 


l 


Digitized by LjOOQle 


Here [K n 3 c is the conditional constant component of the output signal K n (t), 

representing the conditional mathematical expectation or time-averaged condi¬ 
tional mathematical expectation for stationary and quasi-stationary functions 
K n (t), respectively, and computed on the assumption that the value Kg(t) at 

the time t is given and differs from zero; [r (t)3 c is the conditional correla¬ 
tion function or the time-averaged conditional correlation function for sta¬ 
tionary and quasi-stationary random signals K^t), respectively; [R n (T)3 c /3T3 

should be computed for given and nonequivalent and nonzero values K^t) and 


K^t + t); b and a are constant values not dependent on K a (t); cp^(t), cp^(-r). 



K a (t + t). 


When there is interference, the conversion properties of the CCRL can be 
determined or random functions of time. If the conversion properties of real 
CCRL are not random, then bearing in mind the definition of the conditional 
correlation function, it can be concluded that [R n (T)3 c will not be dependent 

on K (t) and K„(t + t). However, when the parameters of the CCRL become ran- 

dom under the influence of interference, a relationship between [R n (-r)3 c and 

K (t) and K„(t + t) appears. It follows from the above that determination of 

[ R n( T )3 c i n f orm °f“ formula ( 8 . 1 . 5 ), in which the third and fourth terms 

can be absent, indicates the presence of random parameters in a real CCRL when 
it is subjected to interference. 

When expression (8.1.4) does not contain terms dependent on K with an ex- 

81 

ponent greater than unity, the relation (8.1. 5 ) for CCRL with random parameters 
also determines the necessary and sufficient conditions of linearity of con¬ 
version of K a of a real CCRL subjected to interference. This assertion re¬ 
quires no demonstration because it follows directly from definition of the con¬ 
ditional correlation function. 

When the parameters of the CCRL, under the influence of radio interference 
do not become random functions of time, on the basis of relation (8.1. 5 ), in 
which only the first term remains, it is impossible to draw conclusions as to 
the character of conversion of the signal K & (t) into the command K^t). In 

this case, the property of linearity of the CCRL relative to K a can be 
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determined unambiguously on the basis of expression (8.1.4). In actuality, in 
accordance with the definition of the conditional mathematical expectation for 
the function K^t), related to KgCt) and the CCKL parameters, the value 

[K n ] (; for the selected moment of time t will change proportional to the signal 

K a (t) only in the case of its linear conversion in the CCRL transmitting and 


receiving apparatus. 


Thus, expression (8.1.5) makes it possible to draw conclusions concerning 
the parameters of a real CCKL and jointly with formula (8.1.4) makes it pos¬ 
sible to judge its linearity relative to K . 

a 


In the case of a linear CCRL, it is possible to give the following inter¬ 
pretation of the parameters entering into relations (8.1.4) and (8.1.5). The 
parameter a characterizes the mean value of the CCRL transfer constant. The 
terms b and 9 q(t) reflect the mathematical expectation and the correlation 

function of additive noise forming at the CCRL output. The function cp^(x) 


corresponds to the correlation function for the transfer constant, and cp^f) 

and cp^(t) represent the reciprocal correlation functions of additive noise [yjb_ 

appearing at the CCRL output due to interference and its random transfer 
constant. 


If the relations (8.1.4) and (8.1.5) are not satisfied, a real CCRL cannot 
be replaced by a linear statistically equivalent filter. 

After it has been established that the considered CCRL is linear, the 
problem arises of determination of the coefficients § Q (t) and §^(t) in equation 

(8.1.3); for generality, we will assume that § Q (t) and §^(t) are random func¬ 
tions of time. Usually, there is a considerable difference between the range 
of frequencies of effective interference with random parameters and the trans¬ 
mission band of the CCRL output filters. It therefore can be assumed that 
§g(t) and §^(t) conform to normal laws of probability distribution. Under this 

assumption, the problem of determination of the coefficients § Q (t) an ^ C^(t) is 

reduced to determining the mathematical expectations and also the correlation 
and reciprocal correlation functions for § Q (t) and §^(t). Then for shortening 

the writing, the mentioned moments will be called statistical parameters. This 
term will be used for denoting the mathematical expectations (constant compo¬ 
nents) and spectral densities (or correlation functions) for all the random 
functions considered in this chapter. 
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Since the coefficients §^(t) and l^(t) characterize the internal proper¬ 
ties of the CCRL, when determining the statistical parameters for the functions 
§Q(t) and f^(t), it is necessary to proceed in such a way that the correspond¬ 
ing moment of the output signal K R (t) will be dependent only on the moments and 
reciprocal moments for §Q(t) and §^(t) and are not functions of the moments of 

the transmitted command. It is easy to see that this requires determination of 

the conditional moments for K (t). 

n 

In a case when a real CCRL, acted upon by interference, produces a signal 
K^t) which is linearly dependent on K a (t), for the conditional mathematical 

expectation we obtain an expression in the form (8.1.4). At the same 

time, on the basis of-expression ( 8 . 1 . 3 ), determining the equation of a linear 
statistically equivalent filter, for the conditional constant component (con¬ 
ditional mathematical expectation or time-averaged conditional mathematical 

expectation) [K ne ] c of the random signal K ng (t), we find 

[Kne ] c = § 0 (t) + § 1 (t)K a (t), (8.1.6) 

where § (t) and §^(t) are the mathematical expectations (unconditional) for the 
random functions § 0 (t) and l-^(t). 

Comparison of expressions (8.1.4) and (8.1.6) shows that when 

(8.1.7) 

( 8 . 1 . 8 ) 

the satisfaction of condition (8.1.1) is ensured^ The £onclusion drawn /37> 
above follows from the fact that when computing K n and on the basis of 

expressions (8.1.4) and (8.1.6), it is necessary to take into account the same 
function K (t). 

a. 

In determining the correlation and reciprocal correlation functions for 
§ 0 (t) and §^(t), we also will bear in mind that the equality of the condi¬ 
tional correlation functions (or the time-averaged conditional correlation 


5 0 (t) = b 

and _ 

s,(t) = a 
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functions) [r^x)^ and [r^x)],, for K^t) and K^gCt) ensures the satisfaction 

of equation (8.1.2). The function [R n (x)] c for the signal K^t), linearly 

dependent on K.(t), is determined by formula (8.1.5). For the function 
£1 

[R e (t)] c , under the assumption that K a (t) and K Q (t + t) for the times t and 
t + t are stipulated, from equation (8.1.3) we will have 

(->lc= « *a W « +*> + W 

+ /?o.. M AT a (/ + x ) + /?,. 0 W a; «). (8.1.9) 


where 


= £°(*)^(< + x) and #i.o( x ) = ^ (*) &o(* + x ) 

are the correlation and reciprocal correlation functions for § (t) and § (t) 
and 1 0 


«o(0 = Sd(<)-MO. ^ (/ + x) = ? 0 H- t) — So (/). 

*i(0 = M0“M0 and £ (t + x) = 6, (/ + x)-17(0 


Applying the method of equalization of the corresponding coefficients in 
expressions ( 8 . 1 . 5 ) and ( 8 . 1 . 9 ), we find 


\ ( x ) = <Pi( x ). 
^( x ) = <Po ( x ). 
J I ?0.l( X ) = ( P3 ( X ). 
^l.o( X ) = ?2 ( x )- 


( 8 . 1 . 10 ) 

( 8 . 1 . 11 ) 

(8.1.12) 

(8.1.13) 


It follows from the considered method for determination of the statistical 
parameters for §^(t) and § (t) that in an analysis of the problem of the passage 

of signals and interference through a real CCRL, it is necessary and sufficient 

to determine [k ] and Cr4x)] , under the condition that the values K (t) and 
nc n v, c a' 

K a (t + t) are not equal to zero or to one another. However, in actual practice, 
the computation of [R n (x)] c when K a (t) ^ K a (t + t) in some cases is extremely 
difficult. The problem therefore arises of determining R- (t), R- (t), R n ..(x) 

i'-L °- 1 
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and ^(t) on the basis of a knowledge of the function [R i1 (t)] c , obtained by 

computations or experimentation when K a (t) = K a (t + x) = K q = const. 

If the functions [K n ] c and [R n (x)] c are determined when K a (t) = K a (t + x) 

= K a = const, it can be concluded that the necessary and adequate conditions 

for the possibility of replacement of a real single-channel CCRL by a /37& 

linear statistically equivalent filter involve satisfaction of the follow¬ 
ing relations 

l Ki\c= b + af< k’ (8.1.14) 

[/? n (^)] c ='PoW+?iW^ 2 +/(t)^ a . (8.1.15) 

77-< 2, (8.1.16) 


where o'^ and a ^ are the values cp.(x) and cp n (x) when x = 0. 

cp 0 cp-L T 0 V T 1 

In actuality, assuming that the considered CCRL, for which tK n ] ( , and 

[Rn(0] c are determined by expressions (8.1.14) and (8.1.15), can be replaced 

by a linear statistically equivalent filter, on the basis of equation (8.1. 3 ), 
when K a (t) = K a (t + x) = K a = const, we obtain 

[g c= w)+^, (8.1.17) 

\R e (x)) c = R ia (t) + [/?,. 1 (x) + /?,.0 (x)] K a + R it (x) Kl- (8.1.18) 

However, it is known that 


/? t> (x) = o2r Eo (x) > /? e (t) = a2r {| (T). /? 0 . 1 (x) = Ve, r o >( x ) and 0 (x) = W , 0 (x), 


where r_ (x) and r (x) are the correlation functions for the random functions 
5 0 S 1 

| Q (t) and § 1 (t), but r Q>1 (x) and r 1<Q (x) are the reciprocal correlation coeffi¬ 
cients for the random functions S Q (t) and § x (t). 

Therefore 

l* e (*)] = (V + Ve, ( r o-1 (*) +0(x)] K a + o»r e _ (x) (8.1.19) 
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Comparison of the expressions (8.1.14) and (8.1.17) and also the relations 
(8.1.15) and (8.1.19) shows that the CCRL will be equivalent to a linear 
statistically equivalent filter in which the processes are described by equa¬ 
tion ( 8 .I. 3 ), provided the following conditions are satisfied 


£7(0 = *. (8.1.20) 

£7(0=0. (8.1.21) 

°i r e.( x ) = < Po( T )’ (8.1.22) 

( T ) = 'Pi ( T ). ( 8 . 1 . 23 ) 

Ve. K .(0 + r,. 0 (*)l =/(0. (8.1.24) 

r 0 .i(0 + 'i.o(0<2. (8.1.25) 


We note that expression (8.1.25) was written in accordance with the known 
inequalities r n _ (t) ^ 1 and r (t) ^ 1. Since r~ (t) and r (t) when t = 0 

U.l l.U Sq 

are equal to unity, in accordance with (8.1.22) and ( 8 . 1 . 23 ) we find that 


°l = (0). °l = <P, (0). (X) = ^ and r ti (X) = . 


(0) 


O P 

With the values a p and Op obtained in this way, on the basis of 

5 1 

(8.1.24) and ( 8 . 1 . 25 ), we will have the inequality 


/377 


r o. 1 (") + r \. 0 (0 : 


/(x) 


V fo (0) <?, (0) 


< 2 . 


( 8 . 1 . 26 ) 


coinciding with the condition ( 8 . 1 . 16 ). 

Analysis of (8.1.22)-(8.1.25) shows that when deteraining [fl(t)!L for the 
case when K a (t) = K a (t + t) = K a = const, it will be possible to compute unam¬ 
biguously all the statistical parameters of a linear statistically equivalent 
filter, with the exception of the reciprocal correlation coefficients Tq ^(t) 

r l 0^' l ac 4 of an additional equation necessary for unambiguous de- 


and 


termination of the coefficients r , (t) and r (t) is due to the fact that, in 

0.1 1.0 

the analysis of the passage of signals and interference through the radio re¬ 
ceiver and the CCRL decoder, when K a (t) = K a (t + x) = K a = const, there is no 

dependence detected between § Q (t) and f (t). However, if we proceed on the 
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basis of condition (8.1.2), assumed previously, we can conclude that it is not 

mandatory to compute the coefficients r .. (t) and r (t) precisely. There- 

U • J. _L • U 

fore, it is admissible to use one of the possible solutions of equation 
(8.1.24), determining r^ ^(t) and r^ q(t); it also is necessary to have 

r (t) = r n r (t) ^ 1 and r (t) £ 1. 

0.1 1.0 V " o.l 1.0 

Equation (8.1.3) can be used not only with satisfaction of conditions 
(8.1.4) and (8.1.5) or (8.1,14)-(8.1.16), but also in those cases when the 
CCRL, under the influence of radio interference, remains quite close to a 
linear converter of transmitted commands. For clarification of the possibil¬ 
ity of replacing a real CCKL with a linear statistically equivalent filter, 
it is most important to find the conditional constant component and the cor¬ 
relation function of the output signal K^t) under the assumption that the 

input command K a (t) does not change with time. Then, it is necessary to in¬ 
vestigate the influence exerted on CK xl ] c and [r^t)^ by a CCRL having non¬ 
linearity of the signal K a (t) = K a (t + t) = K & = const, first expanding the 
functions CK n l c and [R n (T)] c into a Maclaurin series for the powers of K a . 

If it is found that the role of terms proportional to K a in the second and 
higher powers in the series for [K n ] c and the terms dependent on K a in the 
third and higher powers in the expansion for [R n (T)] c is insignificant and 

condition (8.1.16) is satisfied precisely or with a small error, a real CCRL 
can be considered approximately linear. For such CCRL, the statistical param¬ 
eters of the coefficients in equation (8.1.3) should be determined the same 
as for a "purely” linear CCRL. 


4. Nonlinear Statistically Equivalent Filter. Principles 
of Statistical Linearization of CCRL 

If a real CCRL subjected to radio interference becomes a nonlinear /376 

converter of transmitted commands K (t) and the output signal K (t) is a 

a n 

continuous function of K Q (t), for description of the processes transpiring in 

the statistically equivalent filter, it is possible to use a polynomial of the 
n-th degree. The value n for such a statistically equivalent filter is se¬ 
lected in accordance with the method presented below. Then the relationship 
between K ne (t) and K & (t) has the following form 

(0 = So (0 + 6, (t) K a (t) + S* (t) K\ (/) + ...+ S„ (« fq (/), (3.1.27) 
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where §Q(t), §^(t), ..., § n (t) are coefficients whose character of change and 
values are to be determined. 

We note that expression (8.1.27) can be considered as the aggregate n + 1 
of the first terms of a power series used in representing the solution of the 
equations describing the operation of the CCRL when the latter is acted upon by 
interference. One of the characteristics of this expression is that K ng (t) is 

a linear function of the coefficients § Q (t), §^(t), ..., § R (t), all or part of 
which can be random. If the coefficients § Q (t), §^(t), ..., ? n (t), not depen¬ 
dent on K^t), change randomly, as a result of normalization of the process 
^(t) for stipulated values K a (t), the functions § (t), §^(t), ..., § n (t) can 

be considered to have a normal distribution. By a corresponding stipulation of 
the correlation and reciprocal correlation functions for ? Q (t), §^(t), ..., 

§ (t), it is possible to ensure the necessary frequency conversions K 0 (t) by a 
n a 

nonlinear statistically equivalent filter. In addition, it should be remem¬ 
bered that equation ( 8 . 1 . 27 ) is convenient for modeling processes in a real 
CCRL using electronic computers. 

The problem of the character of change of §^(t), § (t), § n (t) is 

solved in the same way as for a linear CCRL, on the basis of an analysis of the 
derived expressions for [K n ] ( , and [R n (T)] c ., In the selection of n and deter¬ 
mination of the statistical parameters of the random coefficients entering into 
equation ( 8 . 1 . 27 ), the conditional constant component CK n ] c and the conditional 
correlation function tR n (T)] c , computed for K Q (t) ^ K Q (t + t), must be repre¬ 
sented in the form of a Maclaurin series for powers of K (t) and K (t), 

£L « 

K a (t + t), respectively. In each of the expansions, it is necessary to discard 
the terms not exerting a significant influence on CK n 3 c and [R n (T)3 c . Then it 

is easy to determine n as the larger of the numbers characterizing the power of 

the transmitted command K (t) in the last remaining terms of the expansions for 

£1 

[Kn3 c and [R u (t) 3 c . If is determined when K a (t) = K Q (t + t) /379 

= K a * const, the exponent n is assumed to be equal to the value of the degree 
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of the polynomial used to express [k ]„ or to half the exponent of K 0 in the 

n c a 

last of the remaining terms in the expansion for [R n (T)] c . 

The statistical parameters of the random functions §g(t), §^(t), ..., 
§ n (t), entering into equation ( 8 . 1 . 27 ), can be determined easily if, as a re¬ 
sult of analysis of the problem of passage of signals and interference through 
a real CCKL, when K a (t) ^ K a (t + t), we compute the functions [k^] and 
[R (t)L. This requires use of the method of equalization of the coefficients 
in the expansions for [K n ] c and [R n (x)] c and also in the expressions for 
[Kn e ] c an ^ [R ne (x)] c , obtained on the basis of equation (8.1.27). If §^(t), 
§^(t), ..., § n (t) are not random, they should be determined by equalization of 
the corresponding coefficients in the expansion for CK n 3 c and in the expres¬ 
sion for [K ne ] c . 

As a result of use of the described method, the equation (8.1.27) for a 
nonlinear statistically equivalent filter will characterize a real CCRL with 
an accuracy determined by the discarded terms in the corresponding expansions. 

If the function [R n (x)] c is sought for K a (t) = K a (t + t) = K q = const, 

which usually can be done more simply than for K g (t) ^ K a (t + t), it is easy 

to show that it is impossible to obtain an unambiguous determination of all the 
correlation and reciprocal correlation functions for the coefficients entering 
into equation (8.1. 27 ) for a nonlinear statistically equivalent filter. How¬ 
ever, for CCRL in which the correlation time t c of the random parameters is 

such that in the course of t c there is virtually no change of the transmitted 

command, it is possible to ensure conditions (8.1.2) also with an arbitrary 
stipulation of some of the sought-for correlation and reciprocal correlation 
functions; however, in this case, it is necessary to take into account the 
requirement of the necessity for deriving computation formulas convenient for 
practical use. The problem of determination of the statistical parameters for 
§ Q (t), ? 1 (t), ..., § n (t) is simplified appreciably if the polynomial charac¬ 
terizing DUt)] does not contain terms with the commands K (t), having odd 
ri c a 

exponents. This is because in this case the coefficients §^(t), §^(t), ..., 
§ n (t) can be considered uncorrelated with one another. 
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const 


If the function [R (t)] , determined for K_(t) = K„(t + t) = K„ = 
n c a a a 

and represented in the form of a Maclaurin series for powers of K , contains 
terms with odd exponents on K and an arbitrary stipulation of the necessary 
number of correlation and reciprocal correlation functions for §^(t), §^(t), 

s n (t) is impossible, the signal (t) can be determined as the sum /38O 
of the statistically unrelated power and irrational functions of K . 

In the expansion [^ n ( / r)] c in order to take into account the terms con¬ 
taining K a with odd exponents v, in equation ( 8 . 1 . 27 ), in addition to the func- 
jns 5 v (t)K^(t), it is necessary to introduce the terms 

UO/i ± AJ C «). 

where is a random function of time with zero mathematical expectation; It o (t) 

is the coefficient of the transmitted command. 

The sign before K. v (t) should be the same as in the term containing K v in 
i c a 

the expansion for [R n (r)] c . 

If the series of the function [r (t) 1 includes terms having -K^ft) as a 

n c a 

cofactor of the function, in equation (8.1.27), in addition to functions of the 

r\ 

type 5 vl (t)Kf V (t), we should have the functions 

V 9 

u*)/l -/£(/). 

Nonlinear statistically equivalent filters of the considered type also can 
be used to replace CCRL for which the functions tK n 3 c and [R n (T)3 c are re¬ 
flected by a finite number of terms dependent on K q under the condition that 

the functions [iC.] and [r (t) 1 contain terms with a fractional exponent on K . 

n c n c q 

The same result is obtained in those cases when both functions CK n l c and 
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^n( T )^c ^ nc ^- u< ^ e terms with fractional exponents on K & or when the functions 
[K n ] c and [R n (x)] c are polynomials of K Q . 

We will illustrate the above using the example of a CCHL for which 

Wc =i + a/ ^’ (8.1.28) 

IV*)] c =f.(*) + ?M/k. (8.1.29) 


Then it will be shown that the conditional constant component and the 
time-averaged conditional correlation function of the output signal of a CCRL 
with pulse-width modulation, under the influence of high-level interference, 
are determined by expressions of the form (8.1.28) and (8.1.29) when the 
former are computed for K & (t) = K a (t + t) =K & = const. 

Analyzing expressions (8.1.28) and (8.1.29), it can be concluded that the 
processes transpiring in a statistically equivalent filter replacing the con¬ 
sidered CCRL should be described by the following equation 


K ne (t) = 5, </) + 5 . (/) AT a + C, (t) V\ + ^ c . 


(3.1.30) 


After determining the functions [K ne ] c and [R e (x)] c 

equation (8.1.30), we find that the introduced nonlinear 
lent filter and a real CCRL will be equivalent when 


on the basis of /3SI j 
statistically equiva- | 


to(t) = b; 

#eo( x ) = ?o( x ) — ( x )'< 


S,u) = «; c, (/) = 0; 

^:.( x )==?( x )^ ail 3 X ; /?E,( X )=0. 


where R_ (x), R- (x) and R (x) are the correlation functions for § (t), C(t) 

0 

and ^(t). 

If the CCRL under the influence of interference is transformed into an es¬ 
sentially nonlinear apparatus, the degree n of the polynomial (8.1.27) becomes 
very large. Under these conditions, the use of a nonlinear statistically 
equivalent filter, whose equation is derived taking into account both LK n ] c 

and [R n (x)] c is extremely difficult and, therefore, the problem arises of 


finding such a statistically equivalent converter of the transmitted commands 
K which is feasible (for example, in modeling) by means of quite simple tech 
nical solutions. 
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There are two ways to solve such a problem. The first is based on the 
fact that there is a considerable deviation of the CCRL from linearity when it 
is subjected to high-level interference, when the conversion properties of the 
CCRL and especially the mean value of the transfer constant are distorted ap¬ 
preciably by interference. Under such conditions, the fluctuation components 
in the output signal K^t) exert an insignificant influence on the total error 

of rocket guidance when the rocket has an extremely small passband. Therefore, 
a real CCRL can be replaced with a high degree of accuracy by a statistically 
equivalent converter whose equation has the following form 

*«<*> - KV 


In this equation, the command K a , on which [k^] is dependent, should be 
considered a function of time. 

The second way to solve the above-mentioned problem assumes the applica¬ 
bility of the well-known principle of statistical linearization (refs. 81+ and 
85 ) to systems with random parameters. 

The essence of this principle, developed for nonlinear systems with 
constant parameters, is the introduction of an inertialess or inertial conver¬ 
ter whose parameters are determined in accordance with the selected criterion 
of approximation of random functions, on the basis of a given law of proba¬ 
bility distribution for the input action. 

In the statistical linearization of a CCRL, the problem is reduced to 
finding a linear device which, in contrast to a linear statistically equivalent 
filter, we will call a statistically equivalent linear converter. Its param¬ 
eters are determined solely on the basis of the moments (unconditional) /382 
for the CCRL input and output signals. When introducing a statistically 
equivalent linear converter, it is necessary to take into account that as a re¬ 
sult of interference a signal is formed at the CCRL output even when K =0 
and that the CCRL parameters change randomly. 

If it is assumed that the conditions of statistical equivalence of a real 
CCRL and the statistically equivalent linear converter are characterized by 
the relations (8.1.1) and (8.1.2), as will be seen from the text which follows, 
the necessary statistical parameters of the statistically equivalent linear 
converter are determined unambiguously when its equation is written in the fol¬ 
lowing form 

Kng(t) = c + §(t)K a (t) (8.1.31) 

Here c represents the constant value or the determined function of time (in the 
case of presence of nonstationary interference) and §(t) is a random function 
not dependent on K a and having a mathematical expectation equal to zero. 
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In order for the coefficient c not to change randomly in equation (8.1.31) 
it can be only a function of the statistical parameters for the transmitted 
command K a (t). Therefore, bearing in mind that the mathematical expectation 

for the product £(t)K a (t) is equal to zero, in order to ensure satisfaction of 

equation (8.1.1), it is necessary to apply the concept of mathematical expecta¬ 
tion or the time-averaged mathematical expectation (unconditional) K ne for 
the function K ne (t). Then we will have 

c = K . (8.1.32) 

n 


It is easy to see that K n can be computed only when using a known law of 
probability distribution for K a (t). 

The correlation function or the time-averaged correlation function (uncon¬ 
ditional) R (t) of the random function K ne (t) is 




(8.1.33) 


where R^(t) characterizes the correlation function of the random coefficient 

§(t), and K (t)K_(t + t) is the initial or time-averaged initial moment of the 
a a 

second order for the CCRL output signal. 

On the basis of expressions (8.1.2) and (8.1.33)* we obtain 




(8.1.310 


It can be seen from formula (8.1.3*0 that the function R|(r) can be com¬ 
puted if the following are known: 

— the correlation function R (t) of the random signal K^t), forming at 

the output of a real CCRL with allowance for the effect of radio interference 

and the random character of change of K (t); 

a 

— the initial or time-averaged initial moment of the second order /3 


K (t)K (t + t) for the transmitted command K (t). 
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The possibility of finding R n (x), dependent on the statistical characteris¬ 
tics not only of radio interference, but also of the transmitted commands, is 
related to the need for determining in a general case the conditional correla¬ 
tion function [R n (x)] c with the assumption that the values K Q (t) and K g (t + t) 

are stipulated, and also the two-dimensional probability density for the random 

function K (t). However, for those values t for which R_(x) differs appreciably 
a 5 

from zero, it can be assumed approximately that K a (t) m K a (t + x). In this 
case, the conditions for finding R fi (x) become possible with the stipulation of 
only the one-dimensional probability density for K a (t), which also is required 
for computation of K n for the known function CK n l c . Then expression (8.1.34) 
assumes the following form 


R 

§ 


(x) « 


R n (T) 


K^(t) 
a' ' 


where K a (t) is the second initial moment of the random function K Q (t) (or the 
time-averaged second initial moment for the quasi-stationary CCRL input signal). 

It follows from the above that the replacement of a real essentially non¬ 
linear CCRL by a statistically equivalent linear converter requires more com¬ 
plex operations and a greater quantity of initial data than in the case of use 
of a statistically equivalent filter based on use of conditional mathematical 
expectation (constant component) and the conditional correlation function (or 
the time-averaged conditional correlation function) for the output signal K n (t). 

In addition to a converter which is defined by equation (8.1.31), essen¬ 
tially nonlinear CCRL can be replaced by statistically equivalent linear de¬ 
vices representing inertialess or inertial converters with constant parameters 
or parameters changing regularly with time. 

The parameters of such converters can be determined on the basis of refer¬ 
ences 84 and 85 . It should be mentioned here that when using the mentioned 
statistically equivalent linear converters for replacement of CCRL, the only 
values which can be considered stipulated are the moments and the statistical 
characteristics of the reciprocal relations for the CCRL input and output 
signals. 


It should be noted here that the replacement of a real CCRL by an inertia¬ 
less statistically equivalent linear converter with constant or variable (but 
nonrandom) parameters does not make it possible to obtain identical cor- /384 
relation functions for K^t) and K ng (t), and the finding of the parameters 
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of an inertial converter with a determined transfer constant in a number of 
cases, especially under the influence of nonstationary interference, involves 
considerable technical difficulties (refs. 84 and 85 ). 

In actual practice, the stipulation of the distribution laws of the trans¬ 
mitted commands in a CCRL operating outside a closed circuit usually is not a 
difficult problem. However, if the CCRL is included as one of the links of an 
automatic control system, the probability densities of the signals arriving at 
the CCRL input are unknown in advance. In this case, for determination of the 
parameters of a statistically equivalent linear converter, it is necessary to 
use the method of successive approximations in the solution of the equations 
of the control system as a whole (ref. 84). 

The heed for solution of the equations of a radio control system for de¬ 
termination of the parameters of a statistically equivalent linear converter is 
one of the shortcomings of the method of statistical linearization in compari¬ 
son with the principle of replacement of a real CCRL by a linear or nonlinear 
statistically equivalent filter. When using a statistically equivalent filter, 
both the theoretical and experimental investigation of the influence of inter¬ 
ference on the CCRL should be conducted without its inclusion in the guidance 
circuit. 

We note, in conclusion, that the methods discussed here for mathematical 
description of processes ift CCRL, with the influence of radio interference 
taken into account, also can be applied to instruments for measuring the coor¬ 
dinates of targets and rockets and also to data transmission systems. 


8.2. Quantitative Characteristics of Noise Immunity of CCRL 

As was demonstrated in the preceding section, in order to replace CCRL 
with a linear or nonlinear statistically equivalent filter, it is necessary to 

find the functions [k„3 and [r (t)] for the command K (t). If the CCRL un- 

n c n c n 

der the influence of radio interference is transformed into an essentially non¬ 
linear apparatus, it may be necessary to determine and R d (t). The statisti¬ 
cal parameters and R n (i:) can be computed if [K n ] ( , and [R n (T)3 c are known, as 
well as the corresponding laws of probability distribution for the signal K a (t). 
It therefore follows that a knowledge of the functions [k^c and [R n (T)3 c is 

necessary and adequate or only necessary for evaluation of the influence of in¬ 
terference on the CCRL. Therefore, in an analysis of the effect of interfer¬ 
ence on the CCRL, it is most important to find the functions [K n 3 c and [R n (x)3 C - 
In place of the function [R n (T)3 c , in many cases, it is possible to use the more 
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easily computed spectral density of the random stationary signal K Q (t) or /38|? 

the time-averaged conditional spectral density of this same random signal K^t) 

if it is quasi-stationary. Denoting the mentioned spectral densities when 
»2 0 by the same symbol [g(<o)3 , we will have 


ao 

1 G(“) 1 C = 4 J I^WlcCOSwtdx. 


( 8 . 2 . 1 ) 


In actuality, the function [g((I))] c , which henceforth will be called the 

conditional spectral density, usually occupies a considerably greater spectrum 
of frequencies than the effective width of the guidance circuit passband and 
therefore usually it is sufficient to know the value [g( 0)3 c . When the spec¬ 
tral density [g(u>)3 c in an investigation of the control system as a whole can 
be replaced by [g(0 )] c , the function CR n (T)3 c will have the form of a 6-func¬ 
tion since 

00 

l^ n (‘ t )l c == '^rj [GH] c COSa>xrftss-i[G(0)) c 8(t). (8.2.2) 


The conditional constant component and the conditional spectral den¬ 

sity [g(0)3 (or the function R n (x)), in a general case, are dependent on the 


U 

properties of the CCRL, the type of interference, the ratio q^ = of the ef- 

u n 

fective strengths (mean intensities) of the signal U_ and the interference XL, 

s n 

the parameters of interference modulation n^, etc. Therefore, the following 

relationships can be considered quantitative characteristics of the CCRL noise 
immunity 


[G(0)J c = ^(^o> ^i>***)* 


(8.2.3) 

(8.2.4) 


In addition, in many cases, it is important to know the conditional dispersion, 
equal to 


00 

f° a lc = "^rl lG(<o)J c rfo» = / 7 3(go. % -). 


( 8 . 2 . 5 ) 
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As already mentioned, the output signal K n (t) usually consists of two 

parts, one of which is the additive noise and the other a voltage (current) 
which is dependent on the transmitted command. As a result, the noise immunity 
of the CCRL also can be evaluated by the mathematical expectation and correla¬ 
tion function of additive noise § Q (t) and the change of the conversion proper¬ 
ties of the CCRL, which is characterized by the mean values and the correlation 
functions of the coefficients § (t), ..., 5 n (t) in equation ( 8 . 1 . 27 ) and 

also the value c and the correlation function of the random parameter £(t) 
in relation (8.1.31). In addition, in some cases as convenient evalua- / 3 Q 6 
tions of the noise immunity of a CCRL, it is possible to use the statistical 
parameters of distortion of the command 


AK(t) = K n - K(t). 


( 8 . 2 . 6 ) 


These include: 

— the conditional mathematical expectation and conditional correlation 
function (or spectral density) for AK(t) if the process K_(t) is stationary; 

— the conditional time-averaged mathematical expectation (conditional con¬ 

stant component) and correlation function (or spectral density) for K (t) if 
the process is quasi-stationary. u 

By denoting here and in the text below the conditional mathematical ex¬ 
pectation (or conditional constant component) and also the conditional spectral 
density (or time-averaged conditional spectral density) by the symbols 

[AKL and [G Air (uu)] , it can be concluded that in the case of presence of wide- 

band interference it is sufficient to determine [Ak] and [g. (0)] . Here it 

c AK c 

should be remembered that [G. (cd)] = [g( to)] , since each of these functions 

characterizes the spectral density of fluctuations of the output command K^t). 

In comparative evaluations of the noise immunity of CCRL of different 
types and with different kinds of output signals, it is desirable to use the 

K (t) 

concepts of a command coefficient K cn (t) =- and distortions of the command 

^max 

K (t) - K(t) 

coefficient AK c (t) = ---• 

^Snax 

On the basis of the known conditional and unconditional mathematical ex¬ 
pectations (constant component) and the correlation function (or spectral den¬ 
sity) or the time-averaged correlation function (time-averaged spectral density) 
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of the input and output commands, it is possible to determine the corresponding 
statistical characteristics for K cn (t) and AK c (t). 

If K (t) is a nonstationary function of time, it is necessary to use as 
n 

the quantitative characteristics of the noise immunity of the CCRL the depen¬ 
dence of the conditional mathematical expectation CK n (t)] c and the so-called 
instantaneous conditional spectral density [g(id, t)] or "the conditional cor¬ 
relation function [R n (t, t) 3 c ,being functions of t, q Q , m n , etc. In addition, 
for CCRL with nonstationary commands K^t), it is possible to introduce into 

consideration the same statistical parameters as for a CCRL in which the signal 
^(t) is a stationary function of time. 

It is convenient to solve the problem of evaluation of the noise immunity 
of a CCRL in several stages. The number of stages usually is equal to the num¬ 
ber of nonlinear devices in the radio receiver and CCRL decoder. In ac- /3QT 

tual practice, the analysis of the passage of signals and interference 
should be accomplished beginning with the CCRL output. 

The quantitative characteristics of noise immunity of the CCRL introduced 
above are suitable not only for single-channel but also for multichannel CCRL. 
The distinguishing characteristic of the statistical parameters of the output 
signals and their distortions in a multichannel CCRL is a general dependence 
of these parameters on the transmitted commands for all channels. 

The quantitative measure of the noise immunity of CCRL designed for the 
transmission of single commands is the law of probability distribution of dis¬ 
placement At of the CCRL output signals. However, in actual practice, in many 
cases, it is sufficient to know the mathematical expectation At and the dis- 

persion of the random value At in dependence on the parameters of the CCRL, 

signals and interference. 

Usually, interference of low and high levels leads to qualitatively dif¬ 
ferent processes transpiring in the CCRL receiver. Therefore, their influence 
on the output commands of CCRL with different kinds of modulation of subcarrier 
oscillations, which is the subject of the remaining part of this chapter, will 
be investigated separately. 


8 . 3 . Effect of Low-Level Fluctuation Interference 
on a CCRL with Pulse-Width Modulation 

Now we will consider a CCRL with pulse-width modulation of sinusoidal sub- 
carrier oscillations on the assumption that the decoder is designed as shown 
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in figure 7*8. Analysis of figure 7-8 makes it possible to draw the conclusion 
that solution of the problem of the influence of interference on the CCRL 
should be divided into three stages. In the first stage, we compute the depen¬ 
dence of the statistical characteristics of the output signals of the CCRL on 
the statistical parameters of the voltages produced by the threshold apparatus 
TA^. Then we analyze the relationship between the statistical parameters of 

the signals forming at the TA_^ output and at the inputs of detectors and Dg. 

The problem of the third stage is determination of the moments for the voltages 
reaching and in dependence on the structure and intensity of the signals 

and interference at the CCRL input. 


1. Relationship between the Statistical Characteristics of 
the CCRL Output Signals and the Threshold Apparatus 

In the absence of interference, the threshold apparatus TA p is fed bipolar 

pulses, represented in figure 8.1a (curve l). At the output of TA^, having the 

triggering thresholds U^ r ^ and r £, the voltages u p ^(t) and u p p(t) are 

formed; these are shown by solid lines in figure 8.1b, c. The voltages u (t) 

Pi 

and u p g(t) have maximum and minimum values’equal to u^ + U^, u^ + /365 
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and u^, Ug, respectively. The durations of the positive drops are and T 2 
and the repetition interval is T. 

The value of the command K(t), where K(t) here and in the text which fol¬ 
lows corresponds to the function K^(t), mentioned in chapter 7 > on the basis of 

figure 7.8, neglecting the inertial properties of the CCKL, is determined by 
the following expression 

K(t) = u F1 (t) - u p2 (t) = k F1 u p] _ - k p2 u p2 , (8.3.1) 


where u FF (t) and u p 2 ^) are output voltages of the filters F^ and F 2 ; U p ^ 
and u p2 are the mean components of the voltages u p ^(t) and u p2 (t); and ^p2 
are the transfer constants of the filters F^ and F 2 at the zero frequency. 

We note that expression ( 8 . 3 .I) was written on the assumption that the 

transfer constant k of the subtracting device is included in k and k . 

SB FI F2 

When there is interference u^(t), the parameters of the pulses u^ are 

distorted. If the effective value u n (t) at the output of the detectors and 

T)^ is several times less than the amplitude of the useful signals, a voltage 

is created at the output, one of whose possible variants has been shown 

in figure 8.1a (curve 2). Because of the insignificance of fluctuations in 
the amplitudes of the pulses u^(t), it is possible, by appropriate selection 

of the thresholds U,, and U,, to restrict interference effects to /389 

thr 1 thr 2* 1 ■ — ■ - 

random oscillations of the moments of formation and durations of the pulses 

generated by the threshold apparatus. Then the pulses u (t) and u (t) 

pi n p2 n 

appear at the TA-^ output; the leading edge and clipping of these pulses are 

shown by a dashed line in figure 8.1b, c, and their peaks coincide with the 
plane parts of the signals u^(t) anc ^ U p2^ ' For a PP earance °t the voltages 

shown in figure 8.1b, c, the duration of the positive drops of the pulses 

u (t) and u 0 (t) is T’ and T*. 
pi n v 7 p2 n v ' 1 2 

Under the influence of the voltages u (t) and u (t), the random com- 

pl n p2 n 

mand K^t) is formed at the CCRL output: this command is equal to 
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(8.3.2) 


K n<t> - V 1 ' - 


Here u, (t) and u_ (t) are the voltages produced by the filters F.. and when 
In 2n 12 

there is radio interference. 

The expressions (8.3-1) and (8.3.2) make it possible to determine the 

conditional mathematical expectations [K (t)1 and [AK(t)] for the output sig- 

n c c 

nal K^t) and the distortion of the command AK(t) if the conditional mathemati¬ 
cal expectations [u (t)] and [u (t)] of the voltages u, (t) and u^(t) are 
known. 


A knowledge of £u^ n (t)] an ^ ^ u 2n^^c a ^ so ma ^ e s it possible to find the 
conditional mathematical expectations [K„_(t)]_ and [AK-(t)] for the command 
coefficient K (t) and the distortions of the command coefficient AK c (t), re¬ 
spectively. For given conditional correlation and reciprocal correlation func¬ 
tions or corresponding spectral and reciprocal spectral densities of the volt¬ 
ages u^ n (t) and Ugn(t), it is possible to compute the conditional instantaneous 

spectral densities [G(t, 0)] and [G c (t, 0)] Q at the frequency (i) = 0 for the 
fluctuation components of the output signal 

■W*)- 

The voltages u (t) and u^(t) are formed from pulses fed from the thresh¬ 
old apparatus TA^ and having random durations and times of formation. Such ran¬ 
dom signals are nonstationary, since their mathematical expectation and correla¬ 
tion function will be dependent on time. This can be seen from the mere fact 
that for times close to t = t^, the voltage u ^(t) will have an amplitude 

equal to u n + U with a lesser probability than at the point t 0 (fig. 8.1b). 
x ml d 

At the same time, the signal K n (t) is close to stationary. This can be attrib¬ 
uted to the fact that the conditional mathematical expectations and the correla¬ 
tion functions of the voltages u _ (t) and u ^ (t), when the CCRL is sub- 

pi n p2 n 7 

jected to stationary or nearly stationary interference, will be periodic func¬ 
tions of time. The repetition interval is T and is an insignificant value /3°c 
in comparison with the time constant of the control system as a whole. 


K^(t) and the command coefficient 
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Then the noise immunity of the CCRL can be characterized not by the func¬ 


tions CK n (t)3 c , [AK(t)] c , [K cn (t)] c , [AK c (t)] c , [G(t, 0)] c and [G c (t, 0)3 c , but 
by the values, obtained as a result of their time-averaging, [iC^g, [Ak 3 q , 
[K cn ] c > tG(O)] and [G c (0)] c , where CK cn 3 c and [AK C ] C are the condi¬ 

tional constant components for the coefficient of the output command and its 
distortion, and [g c ( 0)3 c is the conditional spectral density when u> = 0 for the 
flue tuat i ons K c n (t). 

On the basis of expressions (8.3.1) and (8.3.2) we will have 

y _ ^ [^n]y = [ tt ln]y l^Joly. (8.3*3) 

<f> = F [A^]y=[«ln]y-«*i- ([^n],-«**}• (8.3.4) 


(Note: Key to use for equations (8.3.3) through (8.3.8) only.) 
where u^ and Up^ characterize the constant components of the signals u^^(t) 
and Up^t) in the absence of interference, and t u ^ n 3 c and [u,^^ are the con¬ 
ditional constant components of the voltages u^ n (t) and u^^t). 

Taking into account the voltages u^ n (t), u p2 n (t )> u^(t) and u ^(t), 
acting on the and inputs in the presence and absence of interference, 
expressions (8.3.3) and (8.3.4) can be reduced to the following form 


My — ^<pl [^pl n]y ^4>i [^pJ n]y» 

[A^ely = ^$i {[^plnjy ~ ^pl) “ ^<pj {[**p2n]y ®pj}» 


(8.3.5) 

( 8 . 3 . 6 ) 


where tu ] and [u ] are the conditional constant components of the 
pi n c p2 n c 

voltages u^ R (t) and u^ 2 n (t), computed on the assumption that the value of 
the transmitted command K (t) does not change. 

Sl 


The maximum value of the command at the CCRL output, in the absence of in¬ 
terference and under the condition that the threshold apparatus TA produces 
the voltages u (t) and u (t), is equal to 1 

tr ir 
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K 

max 


= k (u + U , ) - k u . 
FI 1 ml F2 2 


Therefore, the constant components [fC cn ] c and [AK^]^ for a given value 


K (t) will be 
& 



^<J>i l “pi n ly &<pt (“pa oly 

^4>i(“i + (f/ni )— £$*“* 



^<J)i {(“pi nly “pi) &<pt ((“pa nly — “p»l 
^4>i (“i + Um\) — 


(8.3.7) 

(8.3.8) 


It is known that the time-averaged conditional spectral density [g(uu)3 c 

which for a CCKL with low-frequency output filters will be denoted by /391 

G (<u) and which for brevity will be called simply the conditional spectral 
F 

density of the random signal K n (t), determined by the difference between the 
two voltages u^ n (t) and u 2n^’ * s e( l ua ^ 

G f (®) = G, («o) + G (o)) — G rl (®) — G r £°)> 

where G-^(u)), G2( IU ), G r ^(iu) and G^^) are the conditional (time-averaged) spec¬ 
tral and reciprocal spectral densities of the voltages u -, p (t) and u^^t) for 

the frequencies 0 ^ uu < °°, determined when K (t) = const. But 

8 


G x (•) = O pl (»)| y 1 (/-)|*. (8.3.9) 

^2 («») = G pJ («*) | Y a (/<•>) I*. (8.3.10) 

G i (o>) = Gj. 2 («>) Y\ (» K 2 (/o»). (8.3.11) 

q >2 (< B ) = G J . 1 («») Y,(j •) Yj (/’“>). (8.3.12) 


Here G^(uu), G^^ou), 2 (u>) and G^ ^(oj) are the conditional spectral and re¬ 

ciprocal spectral densities of the voltages u ^(t) an ^ U p2 n (^)y computed 
when = const and = const; Y-^ju)) and Y 2 (ju>) are the frequency charac¬ 
teristics of the filters F^ and F 2 ; Y*(juo) and Y^(jtu) are functions conjugate 
with Y 1 (jtu) and Y 2 (j<J»). 

Therefore 
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G f («) = G p i (•)I Y x (Jm) I* + G p2 n I K 2 (/•) I* - 
- Qu 7 (<•>) Y\ (/«.) y 2 (/<•>) - G 2 .! (») K, O) r; (/»). 


If the conditional spectral densities Sp^(ou), S^tiu), ^((u) and -^(w) 
of the voltages u ^ ^(t) and U pp n (t) are known for the region of frequencies 
_a> < u) ^ then 


G f (®) = 2 [5 pI (•) | K, (/•) | 2 + S p2 (•) | Y t (ji o) | 2 - 

-6V2H ^(/“) ]. (8.3.13) 

It therefore follows that the value G_(0), equal to G.„((d) when u> = 0, is 

i* r 

0 F (0) = 2[k| 1 S pl (0) + ^2S p2 (0) - 2k F1 k F2 S 12 (0)]. (8.3.14) 


It must be remembered that when writing (8.3.14) we 
equality of the real parts of ^(u)) and ^(iu) when u> 


took into account the 
= 0. 


Formula (8.3.14) shows that for given parameters of 
mination of Gp(0), it is sufficient to know the spectral 


the filters for deter-- 
and the reciprocal 


spectral densities of the voltages u R (t) and u ^ (t) acting at the in- /39^ 

put of the filters F^ and F£. 


If the expressions (8.3.13) and (8.3.14) are divided by 


K L - [k n< u l + “ml) - 


it is possible to derive formulas making it possible to compute the conditional 
spectral densities G cf (cu) an d G (0) °f low-frequency fluctuations of the com¬ 
mand coefficient at the CCRL output when the CCKL has filters F^ and Fp in the 
decoder. 

We will determine the dependence of ClC n D c , CK cn 3 c , [Ak] c , [AK c 3 c , Gp,(0) and 
G c p(0) on "the statistical characteristics of the fluctuations and of the 
leading edges of the pulses u .. (t) and u (t). 
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Expression (8.3.1) can be replaced by formula (7-2.9) if it is remembered 


T ' _ ^C 4- T _ 1 /1 | *C *kmax is )_ 

T ~ 2T ~ 2 V T r lc— 

= 7<' + MW=4<'+ i Sc> (8 - 3 ’ 15) 

■^-=-^ = 70 -W=7('-V (8-3-16) 

and the subscript "1" in formula (7.2.9) has been omitted. 

Here k = — K is the transfer constant of the coder for the trans- 

tK T a max 

mitted command coefficient; in a general case, k can be less than 1. 

tK 

It can be seen from figure 8.1b and c that u 1 (t) and u „ (t) can be 

represented as follows p p 


tt pi n (0 — u i~\~ u 3 (0 + u i ( 0 > 

U p2 n (0 — u 2~h Um2 — u i (0> 


(8.3.17) 

( 8 . 3 . 18 ) 


where u_(t) and u,(t) are positive voltage pulses having the duration TJ and 

3 4 1 

amplitudes equal to and U^, respectively. 

Then for the conditional constant components of the voltages u , (t) and 

u o (t) we find P1 n 

p2 n 


[«plnlc= *1 + ( U ml~ Um2) + U, 


= U] + U ml -^ 


p;i c 


f^.lc _ 

m2 ~ — 

T v 


[“p2nl c — U2 ^ m2 — U m 2 1.2— Uy 4 - U m2 p _ 


v-g]< 


where is the mean period of repetition (repetition interval) of positive /393 

voltage drops of the pulses u (t); [T*] is the conditional mathematical ex- 

pl n 1 c 

pectation of the duration of positive drops of the pulses u - (t), computed 

on the assumption that K & (t) = const. p 


However, 


T* = T + t + T • 
1112 
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Therefore 


n = p 
$ = F 


and 


KJ C — ^4>1 u l — ^<t>2 tt 2 + — - ■='"*”* — 

A / U 


^4>2^m2 




^4>i — k<t>2 u i 

*4>» ( u i 4* £//ni) ^4»2 a 2 


+ 


*4>i^mi (7*1 4* x i 4 x 2) — ^4>2(^n — ^i — x i —*2) 

/’n [^ 4 >i ( u i 4 Um\) — ^4>2 u 2] 


( 8 . 3 . 19 ) 


(8.3.20) 



The values x-^ and Xg can be either positive or negative. This is depen¬ 
dent on the phase relations of the subcarrier oscillations and the noise volt¬ 
ages. Since in the limits ±it the phase of the noise voltage is characterized 
by a uniform law of probability distribution, the mathematical expectations 

x. and x 0 are equal to zero. Therefore [T']_ = T, , T = T, [u „ ] = u ,, 

12 ^ ic 1* p ' pine pi 

[^2 n 3 c = and [Kj^ coincides with the value of the command K appearing in 

the absence of interference. This means that under the influence of fluctua¬ 
tion noise of a low level the mathematical expectation of the error in com¬ 
mand transmission is absent. 


In determining the conditional spectral density G„(0), we will bear in 
mind the absence of a reciprocal statistical relationship between the random 
shifts x-^ and Xg. This can be attributed to the fact that the minimum duration 

of the pulse of each of the subcarrier oscillations always is greater than the 

correlation time of the interference, determined by the transmission band of 

the corresponding separation filter. In the case of the u , (t) and u 0 (t) 

p-L n jpd n 

signals, the continuous part of the energy spectrum is accounted for solely by 
the pulses 


and 


x(t) = u a (t)+u i (t) (8.3.21) 

y(t) = -u 4 (0- 


Therefore, we need not 
pressions (8.3.IT) and 


take into account the voltages u and u„ + U „ in ex- 

1 2 m2 

(8.3.18) when determining S (uj) and S (iu) . 

pi P 2 
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The voltages x(t) and y(t) are square pulses with the constant am- /39^ 

plitudes U ml , U m 2 an ^ random but equal durations. The mathematical expec¬ 
tation and the dispersion of the duration of these pulses when K & = const are 
2 —2 —2 

equal to T^ and + t respectively, and the mean repetition interval is 

T. For such random processes, the value of the continuous part of the spectral 
density at the zero frequency is equal to the ratio of the averaged (for the 
time T) dispersion of voltage to the effective frequency band occupied by the 
considered random process. However, the effective frequency band of the men¬ 
tioned random process in a study of frequencies in the range -<» £ ou ^ <*>, as is 

well known, is equal to -i-, whereas the voltage dispersion averaged for the 

0 t a T 

time T is determined by the product of the square of pulse amplitude and —. 

Therefore, taking into account that the fluctuations of the voltages u (t) 

pi n 

and u _ (t) are caused by the random signals t, and x 0 , we obtain 

p2 n 1 e* 

Sp.(0)=i'l 1 J ^- sna ■VO)=t£,—r 


T 2 4 - T 2 
X 1 + x 2 


We note that a detailed analysis of the spectral density of pulses with 
random durations is given in reference 33- The reciprocal conditional spectral 

densities S (0) and S (0) can be determined as the Fourier transform of 

1.2 2.1 

the corresponding time-averaged reciprocal conditional correlation functions 
Rpl ^( T ) an ^ R p2 Tor The voltages u ^ n (t) and u^g n (t). Denoting the 

time-averaging operation by a wavy line over the averaged function, we will 
have 


n = n 
y = c 

where 

and 


flpl. 2 (*) = [«", „ V) *£„ l< + 

^?p 2. 1 ( T ) = [ u p2 n W W p2 n U + T )] y > 
ttpl n (0 = tt pi n (0 [^pi n U)]y 
%2 n (t) = tt p2 n (0 [^p2 n U)]y* 


Substituting the values u ^ n (t) and u g R (t) from formulas (8.3.17) and 
(8.3.18) into the expressions for R ^ g(r) and R^g ^(t) and making the appro¬ 
priate transformations, we find 
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where 


tfp.. 2 ( x ) — V 1 ( x )= - [«3(<)^0 H^)] c - [itf (/) ui (t + t)] c , 


« 3 °(/) -MO -[«,(/)] c and «S(/) -MO _ [MO] c 

are the centered random functions u_(t) and u, (t) when K = const. 

3 4a 

In order to obtain a more graphic means for computation of ^(o) /395 

and ^(0), the voltages u^(t) and u ^(t) are represented ip the following form 

where f (t) and f_(t) are functions describing the pulses u (t) and u,(t) with 
12 34 

different amplitude. Obviously, f^(t) = f^(t) = f(t), since the pulses u^(t) 
and u^(t) differ only in amplitude. Then 


^?pl. 2( x ) — ^?p2. l ( x ) — —UmlUm2 [/(0 /(< *+" x )] 0 * 


( 8 . 3 . 22 ) 


However /«)/(<+o Jc characterizes the correlation function of square pulses 
with a unique amplitude and random durations whose mathematical expectation is 

P _p _P 

T , with a dispersion cr = t + t and a constant mean repetition interval T. 

t 1 2 


Fherefore 


S 1 .2(0) = S 2 . 1 (0) = -U Ml U mi 


4+4 


Substituting the determined values S (O), S (0), S (0) and S (0) 

pi " p2 ’ 1.2 2.1 

into expression (8.3.14), we obtain 


G ( 0 ) = 2 Xt± (* , U M1 + k^)'. 


(8.3.23) 
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It can be seen from this expression that for given values T, k^, k^, ^ml an< ^ 

—2 —2 

U m 2 ^e value G^.(0) can be determined if x^ and Xg are known. 

Since the maximum positive command is (u^ + U ) - k^u^, 

conditional spectral density G c ^(0) at the zero frequency for distortion of the 
command coefficient is 


$ = F 


> ,pv_O T 1 + t 2 + *<tn^ma) 2 

cf l ' T [**, («, + U m ) - *4*0,]* * 


(8.3.24) 


It was demonstrated earlier that the CCRL should be designed in such a way 
that the conditions ~ ^F2^m2 = ^^m an< ^ = k F2 U 2 are satis:fied * 


this case 


and 


G ( 0 ) = 8* 2 £/ 2 

f v 7 f 


.2 2 

x l x 2 


CflO): 


.2 4 - T 2 
X 1 T x 2 


(8.3.25) 

(8.3.26) 


This completes the first stage of investigation of the noise immunity of a 
CCRL of the considered type and we can proceed to the second stage in which 

x^ and x^ are determined as a function of the parameters of the signals /3?6 

and interference acting at the inputs of and D^ (fig. 7.8). 


2. Dependence of G (0) and G (0) on the Signal-to-Noise Ratio 

X Cl 

at the Input of the CCRL Decoder and Radio Receiver 

First, it is necessary to determine the dependence between the shifts 
and and the intensity of the interference reaching the input of the thresh¬ 
old apparatus TA^ and their dependence on the parameters of the pulses produced 
by the summer in the absence of interference. In order to obtain more 
graphic and simpler results, we will assume that the separation filters SF^ and 
SF^ and the detectors D^_ and D 2 are identical. The value t-^ can be found vith 

a sufficient degree, of accuracy using figure 8.2, where curves 1 and 2 charac¬ 
terize the leading edges of the pulses t-u (t) near the triggering threshold 
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<tV» 



Triggering threshold TA, 
< at D thr 1 level ) 


Figure 8.2 


^thr 1 wi ^ out an< * w ith the presence of interference, respectively. The dis¬ 
placement of the curve 2 by the segment is caused by the noise voltage 

u = BC which remains virtually constant within a short interval of time. If 
nl 

the effective value of the voltage u^ is many times less than the maximum 
value of the pulse u ^ (t) in the absence of interference, the triangle ABC can 
be considered linear and therefore 


T 


1 



(8.3.27) 


where is the steepness of the leading edge of the pulse u^ obtained in the 

absence of interference at the level U,, ... 

thr 1 

Similarly we find that 

(8.3.28) 



where Sp is the steepness of the clipping of the pulse u , obtained in the ab- 

2 - 1 . L 

sence of interference at the level U., _. 

thr 2 

_ On the basis of expressions (8.3.27) and (8.3.28), taking into account 
u n j = u n 2 = 0, we obtain 


n = n 



(8.3.29) 

(8.3.30) 
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The signals u^ and u^ represent the sum of the noise voltages / 397 

and Upg from the detectors and D^. In the case of a considerable separation 

of the subcarrier frequencies, the signals u^ and u^ can be considered uncor¬ 
related and therefore 


2 2 2 2 

u = u = u + u . 

nl n2 D1 D2 


The detectors and Dg usually are fed voltages with quite large amplitudes. 
The stages and Dg therefore can be considered "linear." 

If we consider the problem of the joint passage of sinusoidal signals and 
low-level noise through linear detectors with identical parameters, it is pos¬ 
sible to obtain the following expressions for u 2 ^ and u 2 ^ ( re f • 3*0 


„ 2 = n 2 = 2 AFp , 


^1 “ U D2 


AF, 


where is the transfer constant of the detectors and D^, characterizing 
the value of the current at the and outputs when they are fed voltages 

p 

with the amplitude 1 v; a n is the dispersion of noise voltages at the and D ^ 

inputs; k is a proportionality factor taking into account the value of the 
voltage at the output for a unit current of the detector; AF^ is the effec¬ 
tive transmission bands of the separation filters SF^ and SF^; AF^ is the ef¬ 
fective passbands of the detectors and D^* 

Since 


AF t 



> 


then 


_ 2,_2 2 


— — k Vdi 
V = "D2 - 


(8.3-31) 


In computation of and S^, it can be assumed that the principal change 
of the slope of the leading edges of the pulses occurs as a result of the 


kb2 


Digitized by LjOOQle 



passage of sinusoidal subcarriers through the separation filters. Therefore, 
when the separation filters used are individual resonance circuits, which are 
the simplest and at the same time perform their functions quite well, for the 
envelopes u^ ^ and u ^ °f the front and clipping of the pulses at the SF^ out¬ 


put we obtain: 


$ = F 


*ux=U m p (l-e V), 

®1. 3 = ^ • 


(8.3.32) 

(8.3.33) 


where U m p is the pulse amplitude at the SF-^ output in a steady-state 

regime; a = 2AF = «f d, and d is the circuit attenuation. 

F 1 nl 

Similar formulas are derived for the envelopes u„ , and u„ of the 

2.1 2.2 

leading edge and clipping of the pulse forming at the SF^ output, that is 


/398 


$ = F 


« 2 .i= -e ‘*0. 




•h.>=U m p e* 


(8.3-3M 

(8.3.35) 


We note that in expressions ( 8 . 3 .32)-(8.3-35) the time should be read from 
the times of formation and ending of the pulses appearing at the SF and SF 
outputs. 1 ^ 

In the resulting pulse u^, "the leading edge and the clipping u^(t) and 
u^(t) will change in conformity to the following laws 


A = D 
$ = F 


kk 


«1 (0 = -=?- («,., -% a) = U m9 (1 - 2e"V) 




and 


«2 (t)-= («2.»- 3 ) = U np ( 1 - 2e"**'). 


If the thresholds U , and U are close to one another in absolute 

tnr 1 thr 2 


value, assuming that 


U 


thr 1 


U 


thr 2 


= U^ r , and using the notation 


n ^thr 

^TA = kic~U —* ° n the basis of tbe las-fc two expressions, it is possible to obtain 
D mp 

the following formula determining the time t^ necessary for attaining the volt¬ 
ages u^(t) and U 2 (t) of the threshold U^j. 
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, _ 1 1 
tl ~ 2tiF x ln i 


TA 


Here characterizes the time reckoned from the times of beginning of the 
leading edge and the clipping of the pulses produced by the filter SF^. In 
this case, it is found that 


1.5,1 = 15,1 


*$H., =^H: -«• 


Substituting the determined values u^, u^, and into expressions 
(8.3.29) and ( 8 . 3 . 30 )^ we obtain formulas determining and x|. Then, in ac¬ 
cordance with expression (8.3.23) we will have 


$ = F 


OA 0) = 


TAFtfO-kf 


( 8 . 3 . 36 ) 


Similarly, we find 


00 


q ,q._ 1 

cf' l*4ii (“1 + U mx ) — A\j*u 2 | 2 TbF\q\ (1 — * 


( 8 . 3 . 37 ) 


In the last two relations, the Value q^, equal to 

*■ k' 

characterizes the ratio of the effective signal and noise at the and in¬ 
puts. These inputs in essence also constitute the noise input for the CCRL 
decoder. 


Analysis of formulas (8.3.36) and ( 8 . 3 . 37 ) shows that the proper selection 
of k^ and q^, with stipulation of the other parameters, can ensure admissible 

values G (0) and G (0). The minimum values G (0) and G (0) are obtained when 
f cf f cf 

= 0. This can be attributed to the fact that when k^ = 0, the leading 
edges and clipping of the u pulses have maximum steepness. A decrease of 

Zj-L 
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G|.(0) and G c f(0) with an increase of AF^ can be attributed to the fact that the 

steepness of the leading edge of the pulse changes inversely proportional to 
AF^, whereas the noise intensity at the SF^ and SFg output increases in confor¬ 
mity to the law /AF-^. 

2 2 

If it is necessary to know the dispersions a^ and cr^ of distortion of the 

command and the command coefficient, it is necessary to integrate expression 
(8.3.13) for all frequencies. In a case when both filters F^ and F^ have 

identical effective transmission bands equal to AF, on the basis of formulas 
( 8 . 3 . 36 ) and ( 8 . 3 . 37 ), w e obtain 


!j) = F 2 + kfyU m ,) J 

n = TA °f (1 — *„>» A 

3nd 0 2 __ 1 + _ 

Cf !**i («. + -*„)* 


(8.3.38) 

(8.3.39) 


Computation of the dependence q^ on the ratio q^ of the effective signal 

and noise voltages at the radio receiver input characterizes the last stage of 
solution of the considered problem. The relationship between q^ and q Q , in a 


general case, is determined to a considerable degree by the type of detector 
used in the radio receiver. It can be shown that for the considered single¬ 
channel CCRL, using a linear detector in the radio receiver and q > 2, we ob¬ 
tain with an adequate degree of accuracy the following approximate relation 


<h 



(8.3.40) 


vhere m is the coefficient of modulation of the carrier caused by the effect of 
one subcarrier oscillation, and Af^ is the effective passband of the inter¬ 
mediate frequency amplifier. 

If the CCRL output signal is a current rather than a voltage, it can /400 
be found that the conditional constant component of command distortion will 
be equal to zero and the conditional spectral density at the zero frequency is 
determined by the earlier derived formulas if the voltages in them are replaced 
by the corresponding currents. 

Under the influence of fluctuation low-level noise in the CCRL, the sig¬ 
nals of which are intended for moving the spoilers, the duration of effect of 
the subcarrier oscillation changes randomly. As a result (fig. 8.1) 
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1 

\ 1 



0 





V 



t 


Figure 8.3 


K n (t) = T x - T 2 + 2(r 1 + t 2 ). (8.3.41) 

Since = Tg = 0, the conditional mathematical expectation of the output com¬ 
mand when radio interference is present will coincide with the value K = K p and 

[ak] = 0. 

C 

Taking into account that t and t are uncorrelated and have zero mathemat- 

12 

ical expectations, for the conditional spectral densities [g(0)] c and [G c (0)] c 

of the output command K (t) and the command coefficient K on (t) we obtain 

n '*'41 


l G W)c = 4 ^*1 ^ + G t 2 when 0 < <o < oo 

and 

[G c (0)) c = "3F2 [^ t j (®) + ^ t 2 ^hen 0 <«<<», 


where G^ and G ^ are the spectral densities at the zero frequency for the ran¬ 


dom functions T-^(t) and Tg(t). 


The random functions T^(t) and T^(t) are square pulses having the fluc¬ 


tuating amplitudes and the constant durations T and a repetition inter¬ 
val T. As an illustration, figure 8.3 shows one of the possibilities of de¬ 
pendence of on t. Therefore, 

G „<°) = 2 x\T 

and 

(0) = 2x\t. 


Then 

and 


[G(0)^ = 8r(^ + X 2) 

A + i 

[G C (°)) C = 8 -7^ 


(8.3.42) 

(8.3.43) 
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2 2 

Taking into account the earlier determined values and under the con¬ 


dition that the decoder of the considered CCRL is designed as shown in figure 
7 .8, with the low-frequency filters and subtracting devices eliminated from it, 
we obtain 


n= TA 


and 


AT 


lG(0) t (!_*„)* 


[G C (0)] C T\F\q[(\-k n y 


(8.3.4k) 

/401 

(8.3.45) 


On the basis of these formulas, we find that the conditional dispersions o d and 


of distortion of the command and the command coefficient are 
c 


n= TA 

and 


3* = [G (0)J \F, , = - „ 2 - - 


0~ =[G c (0)UF,.,= 


T'-\F\q\(\-k n y ' 


(8.3.46) 
(8.3-47) 


where AF. , is the effective band of the spectrum of fluctuations K (t) in the 
l.J- n 

case of its propagation at the frequency 0 ^ u) ^ 00 . Obviously, AF - = — 

i. • J- 


2 T 


In the expressions (8.3-44)- (8.3 • 4Y), the dependence of q.. on q is determined 
by the relation (8.3.40). G 

Comparison of formulas (8.3.47) and (8.3.39) under the condition of the 
equality ^ = \ 2 \ 2 = k^m shows that 

<£, = 2AFTcj2. 
cf c 

Since good quality of detection of the mean component from the pulses 

2 2 

u _ (t) and u ft) requires satisfaction of the condition AFT < 0.5, then a < a . 
pi p2 ’ cf c 

This means that a CCRL with filters at the output are more noise immune than 
CCKL without filters. 

At the same time, the spectral densities G c ^(0) and [G^O)]^ determined by 

relations ( 8 . 3 . 26 ) and ( 8 .3*^3) f° r CCRL with and without filters are iden¬ 
tical (which is physically obvious). 


In conclusion of consideration of the problem of the influence of low- 
level interference on CCRL with pulse-width modulation of sinusoidal 
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subcarriers it should be noted that all the conclusions drawn apply to a case 
when there is identity of the characteristics of the separation filters SF^ and 

SF 2 and the detectors and D^. If these devices have different parameters, 

there will be a change of the quantitative values only of the spectral densi¬ 
ties and dispersions of command distortions. The method for computing the 
fluctuation errors remains as before. 

It also should be pointed out that the effect of low-level interference 
does not change the CCRL transfer function and the only result is that a fluc¬ 
tuation component of the command is added to the output signal formed in the 
absence of radio interference. Therefore, the equation describing processes 
in CCRL with and without filters SF-^ and SFg (fig. 7*8) will have the form 

K^t) = k CCRL K(t) + AK(t). (8.3.48) 

In this equation, the random function AK(t) has a zero mathematical ex¬ 
pectation and a spectral density determined by formula ( 8 . 3 . 36 ) or (8.3.44) in 
dependence on the decoder design. 


8.4. Effect of High-Level Interference on a CCRL 
with Pulse-Width Modulation 

If the effective strength of interference at the output of the separa- /402 
tion filters SF^ and SF^ is commensurable with or exceeds the amplitudes of 

the useful signals at the input of the detectors and D(fig. 7*8 ), the os¬ 
cillations of amplitudes of the pulses u^ will be considerable and the instan¬ 
taneous values of the voltage u ^ within the intervals T^ and can by several 

times exceed the lower and upper triggering thresholds of the threshold appara¬ 
tus TA^ (fig. 7.8). The parasitic perturbations responsible for the described 

effect will be called high-level interference. 

As an illustration, figure 8.4a (curve 2) shows one of the possible vari¬ 
ants of the voltage u ^ (t) in the case of a high level of fluctuation inter¬ 
ference; the same figure (curve l) shows the voltage u ^ (t) in the absence of 
interference. As a result of considerable changes of the amplitudes of u ^ (t) 
at the TA^ output, the signals u ^ (t) and u^ ^(t) appear, the possible form 
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of which can be seen in figure 8.4b and c (solid lines). This same figure 
shows (by dashed lines) the voltages u^(t) and u p(t) forming at the TA^ out¬ 
put in the absence of interference. We note that the difference in the values 
of the signals u^(t), Upp(t), u^ n (t) an< ^ U p 2 n (‘ t ) * s introduced only for 

greater clarity. 

Figure 8.4b and c shows that in the case of strong interference, the /403 
voltages Upi n (t) an< ^ U p 2 n (^) 51,6 square pulses with constant maximum and 

minimum amplitudes, but with random durations and repetition interval. 


Essentially, the effect of strong interference leads to a breakdown of the 
transmitted pulses of the subcarrier oscillations, which causes distortions of 
the CCRL output signals. In the case of a breakdown with small fluctuations, 
the leading edges of the u pulses (fig. 8 . 1 a) need not be taken into account. 

2_i-L 


The effect of spurious 


"tripping" of TA^ 


(breakdown of pulses) can be at¬ 


tributed to the fact that at certain times in the interval T the sum of the 
positive and negative voltages forming at the Dp and Dp output in absolute 

value attains values exceeding U^ r p or p (fig. 8.4a). 
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Thus, in the segment T^ the formation of a positive voltage jump u ^ (t) 

is possible in those cases when the sum of voltages of different polarity, fed 
from the detectors D-^ and Dg and passing through the summer E^, becomes less 

than The appearance of positive voltage surges u^ n (t) in the inter¬ 

val Tg is possible only when the threshold U thr is exceeded by the voltage 


U E1' 

The value of an output command of a CCRL with filters when affected by 
high-level interference is determined, as in the case of low-intensity inter¬ 
ference, by equation ( 8 . 3 . 2 ). If there is no interference, the signal pro¬ 
duced by the CCRL can be found using ( 8 . 3 .I). 

1 

In accordance with relations ( 8 . 3 .I) and ( 8 . 3 . 2 ) in the preceding section, ' 
we obtained formulas- ( 8 . 3 * 5 ) and ( 8 . 3 . 6 ) by means of which we computed the j 

values [K n ] c and [AK] C . These formulas also remain correct for a CCRL under 


the influence of high-level noise. 

It can be seen from expressions ( 8 . 3 . 5 ) and ( 8 . 3 . 6 ) that, in order to find 

[K ] and [AK] , it is necessary to compute the constant components u , u , 
n c c pi p2 

Cu pl n ] c and C V n ] c ° f the volta 6 es u pi (t) ' U p2 (t) ’ u pl n (t) and u p2 n (t) 
under the condition that the value K a (t) is known. First, we will find 

[u^ assuming that the threshold apparatus used in the CCRL is inertialess. 

Since 


or 

where 

then 


M pi n(0— u i + w i (0 + u 4 (0 (8.3.IT) 

« P i n (0 = «i + x (0. 

x(t) = u 3 (t) + u, (t), 

[“pm] c =a i + Rc- (8.4.1) 


We note that the voltage x(t) can assume the value if (t) ex- /W 
ceeds the threshold U thr or 0 if u^^t) is less than . For determina¬ 
tion of [x] c we divide the intervals T^ and Tg into and equal parts with 
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Figure 8.5 


the durations At^ and At^ and the heights (fig. 8*5). Here the values At^ 
and At^ are selected on the basis of the following conditions 


A/, set 


Cl~ hF, 


A/o ^ t 


c2^ &Fo 


where t c ^ and t c 2 are the noise correlation times at the outputs of the separa¬ 
tion filters SF^ and SF^ with effective transmission bands AF^ and AFg. 

Pulses with the durations At^ and Atg and the amplitudes U m ^, in contrast 
to the command pulses, will be called elementary pulses. 

In addition to the elementary pulses, a dashed line in figure 8.5 has been 
used to denote pulses with the durations T and determined by the value of 
the transmitted command. 


The entire period T (fig. 8 . 5 ) consists of Q = + Qg uncorrelated square 

elementary pulses. When there is no interference, the amplitudes of the ele¬ 
mentary pulses acting in the time Tg with a probability of 1 are equal to zero 

and those pulses which fall in the interval T-^ with the same probability have 
the amplitude . 

When there is interference, the elementary pulses with the amplitude 


can appear at any time. Obviously, an elementary pulse is formed in a case 
when the voltage u^ exceeds the threshold ^. This can be attributed to 

the fact that in this case there is a "tripping" of the threshold apparatus 
TA^ or it will remain in its former state if TA^ produces a voltage U m1 . When 




is less than U,, . 

thr 2 


the amplitude of an elementary pulse x (t) becomes 
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equal to zero. Under these conditions, the constant component [x] c of the 
voltage x(t) can be determined in the following way 


[VI _ tt ^ T dur^c 
LXJ e ml---' 


where ] c is the total conditional mathematical expectation of the dura¬ 

tions of the elementary pulses having the amplitude U m ^. 

Denoting by At^ and At^ the mean durations of the elementary pulses /405 
with the amplitudes U ^ acting during the inervals and T^, we obtain 

S duA - G aur l ] c + [i dur 2 ] = = * VV 


where [t, .] and [T, ,-] are the total conditional mathematical expecta- 

dur 1 c dur 2c * 

tions of the durations of the pulses produced in TA^ in the intervals and T^. 

Since in the interval the value At^ of the i-th pulse (i = 1, 2, 

Q-^) is part of T dur only under the condition that the i-th elementary pulse is 
positive, then 

A*i = A*i (1 — Pi), 


where p-^ is the probability that in the interval T^, in the limits At^, the con¬ 
dition u^ < U^j. 2 -*- s sa tisfied. 

Similarly, we find that 

A ^2 = A t?P2> 


where p^ is the probability that in the interval the signal u^, in the limits 

At 0 , is greater than U , 

£ thr 1 

Then 

[Tj c = Q,A/ 1 (l- iPl ) + Q 2 A^ 

and therefore 

W c = i rl 7 ’. (i -p.) + ^ 2 ]. 
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Substituting the determined value [x] c into expression (8.4.1), we obtain 

[« P inlc = u i + l^i (1 — fi) + Tnp ->|. 

Similarly, we find that 

[ w p?rJc = w 2 4- y~ [TiP\ + T'i (1 — ^ 2 )]• 

Therefore 

(j) = f pg c = - k^u 2 + * +I [ r, (1 - Pl ) + 7> 2 ] 


-k^^f-[T lPl +T 2 (\-p 2 ) 1. 

Taking into account formulas (8.3.15) and (8.3.16), and also that 
K c = TKq c = on "the basis of expression (8.4.2) we obtain 


where 


<t> = F 


AT,.i = 


Kilc=2. 
k<\>\Um\ *t ^4)2^m2 


2 T 

“T~ ^ 4)2 


(1 -/>, -p^k„ A^ = 


(1 -/>, —/M AT ic ; 


(8.4.2) 
/4o6 

(8.4.3) 

(8.4.4) 


K = K 
Cc ic 


_ k cK a 


^1.2— ^(pl U l — ^<p2 U 2 8- ^2 - ^ ~ P\ +^ 2 ) ~ 

Y m - i\+Px-Pi)\ (8.4.5) 

is the command coefficient of the coder if it is assumed that 


T = k C K a max' 


An analysis of the derived expression shows that the conditional constant 
component of the CCRL output signal consists of two parts, one of which (K^ -^) 

is dependent on the value of the transmitted command K and the other (K ) 

Q X • cL 

is not so dependent. We now will consider expression (8.4.5) in greater detail. 
It can be seen from this expression that the component A of the signal ^ i s 

A , , k Fl U ml " k F2 U m2 

A = ^1 - k P 2 u 2 + -o-' 
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and 


and is caused only by the nonidentity of the coefficients k^ and 
also the asymmetry of the threshold apparatus TA^, which is related to the ap¬ 
pearance of different values u^, u^, U m1 and U^. 


As already mentioned in the preceding chapter, the influence of a signal 
causing an error of constant value, in the absence of interference, can be 
compensated by corresponding adjustments (balancing) in the output stages of 
the CCRL or by selection of identical values k and k and use of a rigorous 
ly symmetrical threshold apparatus. 


The voltage 


_ YY + k F2 U m2 
2 




9 


being the second part of the component K , characterizes the mathematical 

expectation of the error in transmission of commands, dependent on the proba¬ 
bilities p and p^, the voltages U - and U 0 and the coefficients k _ and k_ 0 . 

1 2 ml m2 FI F2 

This error cannot be eliminated by balancing the CCRL 6r by selection /b 07 
of identical filters F^ and F^ and a symmetrical threshold apparatus. Its 

compensation requires such a CCRL decoder design so as to satisfy the equality 
p^ = p^ = Pq. A CCRL for which = P Q henceforth will be said to be 

symmetrical relative to interference. 


The value 


Y: 


changes proportional to the value of the 


transmitted com¬ 


mand. However, 
equal to 


if the CCRL transfer constant in the absence of interference is 


CCRL 


k U + k U 
FI ml F2 m2 

2T 


V 


then when interference is present the mean value of this coefficient decreases 
by the value 


‘VAi + (p + p > k 

2T 12i 


and becomes equal to 


^CCRL^n “ k CCRL^ 1 P i Y* 


(3.4.6) 
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In the case of a CCRL for which k^u^ = k J^2 U 2 , k Fl^ml = k F2 U m2 and 


Pi = P 2 = P 0 


where 


“ ^lHmli 1 " ^O^Cc “ ^ k CCRL^n K £ 


(k ) = k (1 - 2p ) 

v CCRL n CCRL 0 


(8.4.7) 

(8.4.7a) 


Since the maximum value of the command in such CCRL is “ k Fl U ml and 

K c = K^ c , for the conditional constant component of the command coefficient at 
the CCRL output we find 

Gcn4 * (1 - ^“cc ' (1 ' W < 8 - 1 *- 8 > 

The conditional constant components of distortions of the command and of 
the command coefficient for a CCRL symmetrical when interference is present, as 
follows from formulas (8.4.7) and (8.4.8), are equal respectively to 

p?lc= RJc ~ K = -2 k r ,U*’Po ~~T~ 

R] t = [^J 0 -/f 0 =-2p./>i c 

where 

K =k F ,Lr ml ^-K a = k^u m ^ c . 

The minus sign in expressions (8.4.9) and (8.4.10) means that the inter¬ 
ference in a CCRL of such a type always leads to a decrease of the modulus of 
the signal which will be fed to the control components. 

The formulas determining [K or J^ f [AK]_ and [Ak^!L for a general case /4o8 

C C C ‘ - 

of design of a CCRL can be obtained on the basis of expression (8.4.3) if if is 
remembered that 


(8.4.9) 

(8.4.10) 


and 



KftQX ^4" (^1 ~1~ ^ml) k-iU-t, 

K= ft*, («, -f -%h) - ft*, (a, + i^) 


'm2 

' 2 


K 

ic 
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In determining the spectral density G^.(o) for the fluctuation components 

of the CCRL output signal, we will use as a point of departure expression 
(8.3.14), suitable for any level of interference. 

First we will find the value S^(0), characterizing the time-averaged con¬ 
ditional spectral density of the fluctuation components of the voltage u (t). 

pi n 

As already noted, in computing S (0) it is sufficient to consider only the 

Pi 

voltage determined by formula ( 8 . 3 .21). As in the determination of [x] c , we 
will separate out in the intervals and T^, respectively, and Q 2 uncor¬ 
related elementary pulses with random amplitudes and constant durations At^ and 
At^. The repetition interval of each of the elementary pulses is T and their 


amplitude can assume the value 0 or U 

ml 

Since the elementary pulses are mutually uncorrelated, the conditional 
spectral density S^( 0 ) is 


5 pl (0) = Q 1 5 e;] (0) + Q 2 5 2 (0), 

where S e ^( 0 ) and S^Co) are the conditional spectral densities at the zero fre¬ 
quency for elementary pulses acting in the intervals and Tg. 

However, for pulses with a random amplitude and a constant duration and 
repetition interval, the spectral density at the zero frequency is equal to the 
ratio of the dispersion of the voltage, averaged over the period T, to the ef¬ 
fective frequency band occupied by the elementary pulse. Therefore 


and 


5 el<°> = 


o 



Vi 


•| 2 (°) 



(8.4.11) 

(8.4.12) 


2 2 

where and a are the dispersions of the elementary pulses forming in the in¬ 
tervals T, and T 0 , averaged for the period T; Af = -r^— and Af = -r^— /U09 

1 2 2 . At-L 2 At 2 -- 


are the effective frequency bands of the spectra of the square elementary 
pulses with the durations At^ and At^. 
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The elementary pulses forming in the time can have the amplitude 0 or 
with probabilities equal to p^ and (1 - p^), respectively. Therefore 


a/. 


*? = U I^PA\-P,). 


The probability of appearance of a pulse with the amplitude U , in the interval 

ml 

is i g> 2 > and the probability of the absence of this signal in this same inter¬ 
val is 1 - P2? as a result 

•i= 


Substituting the determined values a ^ and into expressions (8.4.11) 
and (8.4.12) we obtain ^ 


•^^0) = -f-P\ (1 — Pl)> 

s e2 


Then 


5p,(0) = i/* I -^[7* I - 5 L-/ >I (l-p I ) 


+ T-i 


*F, 


■Pt 


(1 ~/> 2 )] 


In a similar way we find that 


and 


s p2 (0) = ^2 -T (1 -/».)+ P2 (1 -/>*)] • 

Then we determine the reciprocal conditional spectral densities ^(0) 

S- (0) at the zero frequency for the voltages u , (t) and u (t). Using 

2.1 pi n p2 n 


the principle of separation of the period T into Q parts and bearing in mind 
expression (8.3.22) for the reciprocal correlation functions R (t) and 
R 2 we obtain P 1.2 


s a .2 (0) = $2.1 (0) = - U m] u m2 ± [-fcp, (1 - />,) 
+ —/»!*)] - 
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Substituting the values S -,(0), S c (0) and S (0) into expression 
(8.3.14) we find Pi p2 1 - 2 

G f (0) = 4 - (k Fi U mx + k F U m2 ) 3 [~£h Pl (\- Pl ) 

+ ~^Pi (1 — Pi)\ ■ 



(8.4.13) 


If the values and are replaced, using for this purpose expressions 
( 8 . 3 . 15 ) and ( 8 . 3 . 16 ) and also the relation K^, = k^K g , we obtain 

o f ( 0 ) = (*„,(/„, + 

+ ( 8 . 4 . 11 ,, 

It can be seen from expression (8.4.14) that the conditional spectral den¬ 
sity G^(0) when u) = 0 consists of two parts, one of which is dependent only on 

interference and on the CCRL parameters, and the other, in addition, is a func¬ 
tion of the transmitted command. 

If the CCRL is symmetrical relative to interference, which also occurs 
when AF^ = AF^ and p^ = = p^, the second component G_^(o) becomes equal to 

zero, the fluctuations of the CCRL output signal are not dependent on the value 
of the transmitted command and 


G f (0) = 2 (k FX U m] + k F2 U m2 y- pA \yf a) . ( 8 . 4 . 15 ) 

We note that the condition denotes equiprobability of spurious trip¬ 

ping of TA^ in the intervals and T^. 

It can be seen from (8.4,15) that with an increase of the intensity of 
interference, when p^ 0.5, the value G^(0) increases monotonically, attaining 

a maximum equal to 

(k^U n + k„ 0 U J 2 

G„ (0) = ml _ F2m2 . 

f max' 2 AF ;l 

If a CCRL, symmetrical relative to interference, contains a symmetrical 

threshold apparatus (u, = u„ and U = U ~ = U ) and filters F, and F_ with 

1 2 ml m2 m 1 2 

identical coefficients k^^ = k^ = k^, then 
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c f <°>= 8 M i < r' l, > ifu’,. 


(8.4.16) 


Hence, for the spectral density of distortion of the command coefficient we 
obtain 


G (0) ; 
cf v 


8po(l —Pa) 
AF, 


(8.4.17) 


2 2 

Determination of the dispersions and for a completely sym- /4ll 

metrical CCRL can be accomplished by multiplying G (0) and G (0) by AF. Then 

f cf 


U$Ui,PoV-P*)U’ 

3 f — AF, 

2 _ 8p„(l — Pn) AF 


cf 


AF, 


(8.4.18) 

(8.4.19) 


In a general case, the value G c ^(o) can be found by dividing the function 
G^(0) by the square of the maximum value of the command, and the dispersion of 
the output command is computed by integration of expression ( 8 . 3 . 13 ). 

The curves shown in figure 8.6 serve as an illustration of the functions 


CK cn ] c 

K ic 

(8.4.17) 


G cf(° )AF l 

fl(p 0 ) and --- = fg(pQ), determined by formulas 

, for a symmetrical CCRL. 


(8.4.8) and 


Determination of the dependence of the conditional constant components and 
spectral densities of the CCRL output signal and command coefficient, and also 
of the conditional constant components and spectral densities for distortion of 
commands and command coefficient, on the ratios q n _ and q of the effective 

strengths of signal and interference at the output of the separation filters 
SF^ and SF^ requires determination of the relationship between p^ and q^ ^ and 

Pg and q^ . For this reason, we will establish under what conditions and /4l2 

in what way tripping of the threshold apparatus occurs under the influence of 

the voltage u^,^(t). 

During the time T^, the summer is fed a voltage u^ from the detector 
D^; this voltage is a mixture of signal and noise. Only noise u^ is fed from 
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the detector D^. The following condition must be satisfied for the threshold 
apparatus TA^ to be tripped at some point t^ of the interval 


u_ ^ 
2 


U 


thr 2 


+ u. 


(8.4.20) 


On this basis, it can be asserted that the value p^ characterizes the proba¬ 
bility of satisfaction of the inequality (8.4.20), that is 


P 1 = p ( u 2 S 


U 


thr 2 




Here p 1 (u 2 ^ 


U 


thr 2 


+ u^) is the probability that u 2 s 


U 


thr 2 


+ u . 


Since the transmission bands of the filters SF„ and SF„ to all intents and 

1 2 

purposes do not overlap, the voltages u^ and can be considered uncorrelated 
and therefore ^ 


n = thr 


P\ — f UP, («.)</«, J W; (u,) d u 2 , 
6 


(8.4.21) 
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where W(u^) and W(Up) are the probability densities for the random signals u^ 

and u . 

2 

If linear detectors with transfer constants for the envelope which are 
identical and equal to unity are used in the CCRL decoder, it is well known 
(ref. 34) that 


and 

c = s 
E = n 


exp [ 

3 nl L ^'iil J \ G iil / 

~r~ exp [- , 

3 n 2 L 2 j m2 J 


Wr, (u 2 ) : 


where E is the amplitude of signal strength acting on the D., input: a _ is 
si / \ l nl 

/u-iEen 

the interference dispersion at the input; II 1 is the Bessel func- 

V a Si 

p 

tion of the zero order of the fictitious argument; tr| is the interference 
dispersion at the Dp input. 

Substituting the values W^(u ) and W^(u^) into expression (8.4.21) and 
assuming that the thresholds ^ = U^ r p « 0, we obtain 


ex P [-??.. 0 ~i)] • 


(8.4.22) 


n = n 


where a 2 = -t-^ 1 H-is a coefficient dependent on the effective transmis¬ 

sion bands AF-^ and AFp of the filters SF^ and SFp, since when there is an /4l3 

equality of the transfer constants of SF^ and SFp at the resonance frequency 
a*:, AF n 

the condition —2i = —± is satisfied. Similarly we find 


0 2 , 4F 2 
n2 


vhere 


n = n 


ex P ~i)]’ 

, 2 1 , 3 n2 ) . I ( G ?,l , g h2 \ 


(8.4.23) 


P P 

When a = a , which corresponds to the case of a CCRL symmetrical rela- 
nl n2 

tive to interference. 
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Figure 8.7 


Pl=P2= o' eX P 


- 4 ). 


( 8 . 4 . 21 ) 


where 


o 

^ 1 . 1 = ^ 1 . 2 . 


Figure 8.7 shows a curve of the function p = p = p = F(q ), con- 

0 1 2 1 

structed on the basis of formula (8.4.24). This curve shows that when the ef¬ 
fective interference exceeds the signal by a factor of 2 we have p^= p^« 0.45. 

The dependence of and q^ ^ on in the case of a high level of in¬ 

terference, for the case of identical filters F^ and F^ is determined approxi¬ 
mately using the following formula (ref. 34) 


q 2 A /e 

11 g ' 2 2(2 + m *)<^ + /2 ' 


(8.4.25: 


On the basis of the derived formulas, it is possible to find the rela- /4l4 
tionship of [K n ] c , [AK] C , [K cn ] c , [AK c 3 c , G f (0), G cf (0), 0^ and a\ f and the 
value q^. Figure 8.8 is a pair of curves illustrating the influence of qg on 
G „(0) and [k ] for a symmetrical CCKL. In this figure, the dashed straight 
line represents the value of the command coefficient K q which would character¬ 
ize the CCRL output signal in the absence of interference. The approach of the 
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value [K^^] to zero with a decrease of q means the appearance of the effect 
cn c 0 

of opening of the control system (guidance circuit) for the regular component 
of the received commands; in this case, the opening occurs in such a way that 
the control surfaces of the rocket, fora given form of guidance, op the aver¬ 
age will be in a neutral position. Figure 8.6 shows that virtually complete 
opening sets in when p Q ^ 0.4-0.45, which corresponds to q ^ 0.5-0.6 (fig. 

3.7). At the same time, with a decrease of q Q the spectral density attains a 

maximum value, increasing monotonically from zero when interference is absent 
(fig. 8.8). 


If the CCRL is asymmetrical relative to interference, which corresponds to 
the condition p ^ p^, with an increase of intensity (strength) of fluctuations, 

one of the probabilities (p-^ or p^) approaches 1 and the other approaches 0. 

In such CCRL, in the case of a very high level of interference, the value 

does not become equal to zero. Thus, when p = 1 and p = 0, on the basis of 
expression (8.4.3) we obtain ^ 


*- K nh k Fl U l " k F2 U 2 " k F2 U m2* 


(8.4.26) 


When P 2 = 1 and p_^ = 0, we will 


have 


[K]=ku-ku+kU. 
n c FI 1 F2 2 FI ml 


(8.4.27) 


Formulas (8.4.26) and (8.4.27) show that in the case of a very high level 
of interference at the output of an asymmetrical CCRL, in most cases, a minimum 
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0 


Figure 8.9 


or maximum output signal is formed which within limits is not dependent on the 
transmitted command. This means that the guidance circuit will be opened for 
the "constant" component of the received commands, but in such a way that, 
in the majority of cases, the control surfaces of the rocket will be in fhV) 
one of the extreme positions. 

The spectral density of the CCRL output signals when p^ = 1 and pg = 0 or 

when p^ = 0 and p^ = 1 also becomes equal to 0, which is equivalent to opening 

of the guidance circuit for the fluctuation components of the CCRL output 
signal. 

Figure 8.9 shows the typical appearance of the dependence [k ] and 

cn c 

G c f(0) when K fl = 0 on q Q for an asymmetrical CCRL. 

On the basis of the considerations presented above, it can be concluded 
that when designing a CCRL it is necessary to ensure that it is symmetrical 
relative to interference. Then, it is important to emphasize the desirability 
of using a symmetrical threshold apparatus and identical output filters. This 
can be attributed, in particular, to the fact that under the mentioned condi¬ 
tions the maximum of the transfer constant of the CCRL is ensured. 

We note, in conclusion, that the derived expressions for and G^.(0) 

make it possible to find the equation of a mathematical model of a CCRL of the 
considered type. For example, for a symmetrical CCRL we will have 

"ne* 1 ' - < k CCBL ) n K a (t) + * (t) - (8 - U - 2S > 


h6k 
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In this equation (k ) is determined using formula (8.4.7a) and the 

CCKL n 

random function AK(t), which can be considered white noise, has a zero mathe¬ 
matical expectation and spectral density G^(0), computed using formula (8.4.15). 

If the CCKL is not symmetrical relative to interference, the processes 
transpiring in the statistically equivalent filter should be described by equa¬ 


tion (8.1.30). In this equation, the msthematical expectations §g(t), |^(t), 
^(t) and the spectral densities (at the frequency cu = 0) Gg Q (0), G^tO) and 
G^, determined from expressions (8.4.3), (8.4.4), ( 8 . 4 . 5 ) and (8.4.14), /4l6 

should be equal to 

*0 (0=*i.t. c, ( 0 = 0 , IT(0=4+. 

Ou (0) = <*„,«/.. + [ M-=£ l> + <”»-<’-> ] _ o,, (0). 

0 e , (0) = (^,t/„ + - a<^a)] 

a„( o) = o. 


The CCKL output signal, used for moving the spoilers, is equivalent to the 
voltage difference between u^(t) and u ^(t) in a CCRL containing the output 

filters F^ and F^, if it is assumed that u^(t) and u (t) have different ampli¬ 
tudes and u ]_ = U 2 = Therefore, the conditional mathematical expectations 

and spectral densities of the command coefficients in both types of CCRL should 
be identical. 


Then, on the basis of expressions (8.4.3) and (8.4.14) when k = 


CCRL without filters we obtain 


FI 


k , for 
F2 


I^ n ] c ~Pi — Pi + AccO ~P' ~ ft)* 


[O c (0)] o =4j 

+ l tc [ 


P\ (i —/>■) , pA i — Pt) 


*F> 


+ 




Pi (1 — P\) Pa(l —Pt) 


*F> 


*F, 


]}■ 


(8.4.29) 


(8.4.30) 


In order to find CK n 3 c and [G(0)] c , it is sufficient to multiply expressions 
(8.4.29) and (8.4.30) by T and T^, respectively; [AK c 3 c and CAk3 c can be com¬ 
puted from the known formulas for CK cn ] c and [K n ] ( , after subtracting K c = K^ c 

from them and also K = K„ = T n - T 0 = k K . 

C 1 2 c a 
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The value 


[K n ] c = T(p 2 - p x ) + k c K a (l - P x - P 2 ) (8.U.31) 

consists of two parts. The first part, equal to T(p 2 - p^), characterizes the 

mathematical expectation of error in transmission of command and can be made 
equal to zero if the CCKL is designed in such a way that the equality 
p = p = p is satisfied. 

12 0 

The term kJC 0 (l - p, - p_) changes proportional to the transmitted com- 
0 a ± d 

mand K Q and is dependent on the noise intensity. 

The mean CCRL transfer constant decreases due to interference by the value 
Pl + p 2 and becomes equal to 

^ k CCRL^n = ” P 1 P 2^' (8.4.32) 

If the CCKL is symmetrical relative to interference, in the case of very 

strong interference CK n 3 c approaches zero and the guidance circuit is opened so 

that the control surfaces of. the rocket, under the influence of radio interfer¬ 
ence, in most cases occupy a neutral position. The mean (statistical) transfer 
constant of such a CCKL is 


f 8 -'*- 331 

In an asymmetrical CCKL, when p^ = 1 and p^ = 0 or = 0 and p^ = 1, /4i7 

the value ClC n 3 c is equal to -T and T, respectively. This means that the 

opening of the circuit, for the most part, occurs when there is a maximum de¬ 
flection of the spoiler in one direction or the other. 

It follows from the above that it is desirable to design a CCRL in such a 
way that it is symmetrical relative to interference. This requires a rigorous 
identity of the like stages for handling the subcarrier oscillations of the 
considered channel in the decoder. 

The dependence of [K n ] c , [K cn 3 c , [Ak3 c and [AK c 3 c on q 1 ^ and q^^ 2 , and 
also on q^ can be determined quite easily by using formulas (8.4.22), (8.4.23) 
and (8.4.25). 
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It was noted earlier that it is desirable to design a CCRL which is sym¬ 
metrical relative to interference when = p^ and AF^ = AF^ = AF g ^. As 

can be seen from expression (8.4.30), for such CCRL [g( 0)3 ceases to be depen¬ 
dent on K and accordingly is equal to 

8L 

8r* 

[G(0)1 C - ^ 0 (1 — Pi)- (8.4.34) 

At the same time 

^m^^PaO-Pa). (8*4.35) 

The relationship between [g( 0)3 and [g (0)3 and between q , q and 

q^ can be obtained on the basis of expressions (8.4.22), (8.4.23) and (8.4.25). 

Analysis of formula (8.4.30) reveals that [G c (0)3 c in a CCRL without filters 

changes qualitatively with an increase of the interference level as it does in 
a CCRL with low-frequency output filters. 


If it is necessary to know the dispersion of fluctuations of the CCRL out¬ 
put signal, for a symmetrical CCRL, the functions [g(0)3 c and [G c (0)3 c must be 

multiplied by the effective band of fluctuations when o ^ u> < <*> i s equal to —. 


Then we obtain 


0 * = 4 


A/r ( />oU Pa) 


(8.4.36) 


and . 

°C = A/ 7 , T ^ — Po)* 


( 8 . 4 . 37 ) 


Comparison of the dispersions a 


2 

cf 


and a 


reveals that 



2AFTa 


2 

c ’ 


We recall that this same expression was obtained for CCRL with low- 
frequency output filters. 


8 . 5 . Effect of Low-Level Fluctuation Interference on a CCRL 
with Pulse-Counting Modulation 

The output signals in a CCRL with pulse-counting modulation are determined 
quite simply by using the decoder whose functional diagram is shown in figure 
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7.13b. The distinguishing characteristic of this apparatus is that it /4l8 
contains wideners for the pulses fed from the coincidence stages CS-, and 

cs 2 . 

When a CCRL with wideners in the decoder is subjected to fluctuations in¬ 
terference whose level is low in comparison with the amplitude of the working 
signals, the conditional constant component of distortion of the received com¬ 
mands is equal to zero. This is because for the stipulated value of the trans¬ 
mitted command, when interference is present or absent;, during the time T the 
wideners form the same number of pulses with constant amplitudes and durations. 

At the same time, groups of pulses u ^ Q (t) an< ^ u p 2 n (t) will act at the 
and Wg outputs (fig. 7 * 13 b) when interference is present; the times of 
formation of these groups change randomly. 


Since in the case of pulses which are position modulated randomly the 
value of the spectral density at the zero frequency is equal to zero (ref. 33), 
in a study of the problem of the noise immunity of CCRL with wideners in the 
decoder it is necessary to know G^(ou), rather than G p (0), where G^uu), as be¬ 
fore, is the conditional spectral density of the signal K (t) in a CCRL with 
output filters. 


Determination of Gj(uj) requires a knowledge of the functions G^(w) and 
Ggt 011 ), characterizing the spectral densities of the voltages u^ R (t) and 
Up 2 n (t) for all frequencies uu. For a given value of the transmitted command, 
reflected using m^ and m p symbols of the first and second kind, the voltage 


u ^ ^(t) can be considered as consisting of m^ pulse sequences, in each of 


which there is phase (position) fluctuation of the pulses; the mean pulse 
repetition interval is constant and equal to T. In addition, the amplitudes 
and durations of the pulses in all sequences are identical and equal to U and 
t respectively. m 


Taking into account that, in any sequence, the pulses are formed indepen¬ 
dently of one another and that all sequences are uncorrelated with one another, 
we can write 


0, («o) = tn x G u (<■>), 


(8.5.1) 


where G^(u)) is the continuous part of the spectral density of the i-th of 
pulse sequences with random phase modulation. 
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It is known (ref. 33) that for square pulses forming at random times 


0„(-) = T^r"i, sin*^|l-|8,MI*|. 


( 8 . 5 . 2 ) 


where 0^(oo) is the characteristic function of deviation of the time of appear¬ 
ance of the pulses u ^ n (t) from the mean value. 

If the probability density of deviation § , of the time of formation /4l9 

Tl - 

of a pulse relative to its mean value is denoted then 


However 


«.(•)= J ^& I )e'“ e * , <« t ,. 




where and are the instantaneous and mean values of displacement by 

interference of the leading edges of the u (t) pulses. 

pi n 

It follows therefore that the possibility of computing W (S ) involves 

1 Tl 

the necessity for determining the distribution density of the probabilities 
W(t^) for t . The latter can be determined by an analysis of the fluctuations 

of the times of appearance of the pulses u , produced by the coincidence 
stage CS i - CS 1 

The process of formation of these fluctuations for the case when CS^ pro¬ 


duces a signal when under the influence of a two-pulse timing code is illus¬ 
trated in figure 8.10. The solid and dashed lines in figure 8.10a and b show 
the position of the leading edges and the clipping of the first and second code 
pulses in the absence and in the presence of interference, respectively, before 
and after passing through the delay line in the coincidence stage; figure 
8.10c shows the output signal. 


The square pulses at the CS^ input can be obtained using a so-called 

normalizer, which consists of a bilateral limiter, delay multivibrator, block¬ 
ing oscillator, etc. Figure 8.10 shows the pulses for a case when the role of 
a normalizer is performed by a bilateral limiter. If a delay multivibrator or 
a blocking oscillator is used, the signals shown in figure 8.10a and b will be 
position modulated on the time axis, rather than being width modulated. 

The operation of the decoder deteriorates appreciably when there is no 
normalizer in the CCRL radio receiver. This is because video pulses are formed 
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Figure 8.10 


at the radio receiver output which in shape are close to triangular. If there 
are fluctuations of their leading edges, there will be appreciable oscillations 
of the amplitudes of the u ^ output pulses of the coincidence stage CS^, re¬ 
sulting in unfavorable conditions for passage of the signals through the sub¬ 
sequent circuits of the decoder. Therefore, henceforth we will assume that 
the input pulses of the coincidence stage are normalized in 'shape and are /h-20 
square. Under this condition it can be found (ref. 105) that 


V^(Xi) = « 1 ^o(T,) 


f 

,0 


W 0 (M)d(M) 


(8.5-3) 


where Wo(At) is the probability density for fluctuations of the leading edge of 
a single pulse at the CS^ input, and n^ is the capacity of the timing code to 
which the coincidence stage CS^ is tuned. 

It can be shown that the fluctuations At in the case of a low noise level 
have a zero mathematical expectation and with an adequate degree of accuracy 
have a normal probability distribution, that is 


p 

where is the dispersion of fluctuations of the leading edge for any of the 
normalizer output pulses. 

Substituting the cited value W (At) into the expression for W(tu ) and in¬ 
tegrating, we obtain 
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(8.5.4) 


W(x,) 


"i 


2*'~ 1 o x V2x 


[—(■ pwr -' H ) 


.. *( 757 } -K"'" is the probability integral representing the tabu¬ 

lated function. 

By knowing W(t^), in accordance with the rules of transformation of the 
probability distribution laws for functions of the random values, we obtain 


where 


I *4 J' 


X exp 


x,= j z l W(x l )dx t ; 

— oo 
oo 

«?,= j (X, — t,) a Wixjdx,. 


(8.5.5) 

(8.5.6) 

(8.5.7) 


We note that in a general case the integrals ( 8 . 5 . 6 ) and ( 8 . 5 . 7 ) are not 

_ p 

expressed through elementary functions and the values t and a must be com¬ 
puted using the methods of numerical integration. Tl /k 

After W(§ ) is known, it is possible to determine the characteristic 

t1 

function 0 ^(i»), and then, using formulas ( 8 . 5 . 1 ) and ( 8 . 5 . 2 ), also find the 
values G^(cu). 

Considering in this way the processes transpiring at the output of the 
coincidence stage CS^ and the widener W^, we obtain 


G 2 (<*>) = m 2 G 2l (u>), 


(8.5.8) 


where G^(fl») is the continuous part of the spectral density of the i-th se¬ 
quence (of the total number m^) of pulses forming at the output. 

Since at the CS 2 output each sequence represents square pulses with random 
phase modulation, then 
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p 

Here 


= w 


G 21 W = ^ sin« |1 - 10 2 (u>) I*]. 




( 8 . 5 . 9 ) 


is the characteristic function for the deviation § of the time of appearance 
of the pulses of the widener on the mean value; 

^•>=^ 7 ^ [> +■• (^t)r exp [‘ 


is the probability density for | ; 

t 2 

00 

*s= S x 2W(* 2 )dx 2 

— 00 

is the mean displacement by interference of the leading edge of the pulse 

u , forming at the CS 0 output; 

CS <- <- 

00 

3 ?2= J ( X 2 —~2? W (x 2 ) dx 2 


is the dispersion of displacement by interference of the leading edge of the 
pulse u^ 2 '* t W 2 is the duration of the pulses produced by the widener W : 

U 0 is the amplitude of pulses produced by the widener W 0 . 

Then after determining G^(oo) and G^oo) we find that 


G f W = fl(l+^ c ) G u (“) I Y i O) I 2 
+ (1 — /0 C ) («) | K 2 (/«) |*I. 


( 8 . 5 .IO) 


It can be seen from expression ( 8 . 5 .IO) that for different parameters of /U22 
pulses produced in the CS^ and CS^ and for different characteristics 

of the CCRL output filters, the conditional spectral density of distortion of 

the command is dependent not only on the intensity of the interference, but 

also on the value of the transmitted command K . 

a 

In order to exclude the influence of K a on G^(cd) it is necessary to satis¬ 
fy the following conditions: G (u>) = G^ (uu) and Y, (jut) = Y (jiu). These 
*0 2 i 1 2 
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conditions mean that G^(oo) will be constant for a given level of interference 

and frequency ud for any K if CS-,, CS 0 , W and W_ have identical corresponding 

a J- ^ 1 2 

characteristics and the capacity of the codes of the first and second kinds 
are equal to one another. 

If the CCRL decoder is designed as shown in figure for the condi¬ 

tional constant component of the CCRL output signal we obtain 


$ = F 
n = n 


c— 27* 

nl “f” ^4>2^rn2 x n2)]» 


(8.5.U) 


where and are the mathematical expectations of the durations/ of the 

pulses formed by the coincidence stages CS and when interference is 
present. 


It can be seen from expression (8.5.11) that when interference is present 

the CCRL output signal consists of two parts, one of which is characterized 

by the parameters of the filters F.. and F 0 , the amplitudes of the pulses U 

I ml 

and U and the pulse durations t n and t while the other, in addition, is 
m2 nl n2 9 

dependent on the transmitted command coefficient K. = K 

ic Cc 

The mean transfer constant of the CCRL, equal to 


^CCRL^n 2T ^F^ml'nl + k F2 U m2 T n2^’ 


is dependent on the values r , and t , which are functions of the intensity of 

nl n2 


interference and the structure of the timing codes. We note that the expres- 

k c 

sion for was written taking into account the equality = — K q . 


In accordance with formula ( 8 . 5 .H) and the expression determining the 
output command K in the absence of interference, for the conditional constant 
component of command distortion we obtain 


H = p 
n = n 


(Jj = F 


2 T ( T nl ^Hl) ( T n 2 *112) 

“f~ C^nl ^hi) 4" ^(J)2^m2 t h2)I- 


(8.5.12) 
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If both circuits handling the subcarrier oscillations have identical char¬ 
acteristics, when k F1 U ml = and T pl = r p2 = T p , and the /k2$ 

capacities of the timing codes of the considered channel are n, then 


n = n 

H = p 
<J> = F 


^ni — 

K= -f 'a. ■ 


Pel 


T n 


ire 




and 


[Z7f] c = [7^] c - /f=i±£^S- <T, -,.) ^ 

Under these conditions 


(8.5.13) 

(8.5.1U) 


and 


\ax~ T 

^nt=4*c=Hc 


(8.5.15) 


(8.5.16) 


If follows from expressions ( 8 . 5 .13) and (8.5.1^) that when there is in¬ 
terference present, the mean transfer constant of a CCRL with a symmetrical 
decoder, that is, an apparatus having identical circuits for handling the sub- 

T T 

carrier oscillations, changes by _2 times, where _!2 < 1. 

T T 

P P 

The conditional spectral density G^(0) of the fluctuations of the CCRL 

output command at the zero frequency can be determined as the sum of the spec¬ 
tral densities (0) and G Q (0) of the voltages u (t) and u (t), produced 

by the filters F, and F^.. This is because the signals u. (t) and u (t) are 
12 FI F? 


uncorrelated due to the absence of a statistical relationship between the 

pulses u (t) and u (t), forming at the outputs of the coincidence stages 
CS X CS 2 

CS^ and CS^. However, G^(0) is equal to the product of the square of the 

p 

transfer constant k of the filter F, and the value of the conditional spec- 

Fl 1 

tral density G, (0) at the zero frequency for the voltage u (t), that is, 
i CS 1 
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Similarly 


Ofi (0 > = l Vi 0 i (0) - 

0 f2 (°) - kp 2 0 2 (°), 


where 62 ( 0 ) is the spectral density at the zero frequency for the voltage 
The spectral density G^(0) can be found as the sum of the spectral 
densities G^fo) (i - 1 , 2 , ..., m^) at the zero frequency for pulse se¬ 
quences of the coincidence stage CS^,. in each of which the pulses have a con¬ 
stant amplitude, a constant mean repetition interval T and a random duration. 
In a general case, the times of formation of both the leading edge and the 
clipping of the pulse change randomly. 


u 

CS 2 
[k2k 


In actual practice, the product of pulse duration in the radio receiver 
passband is selected in such a way that the fluctuations of the leading edge 
and the clipping of each pulse can be considered independent. The successive 
pulses in any of m-^ sequences are uncorrelated. 

Therefore, G^(o) can be represented as the sum G^ (0) + G^ c ^(0), 

where G^ e( j( 0 ) and G^ c ^( 0 ) are the spectral densities at the zero frequency, 

forming due to fluctuations of the leading edge and clipping of the pulse of 
the i-th sequence of m^ considered pulses. However, much as was done before, 
we find 

Ged ( 0 ) = ~f~ > 

Op cl (0) = 2t^, ( -^. 


where (a\) is the dispersion of the fluctuations of the clipping of the pulse 
produced by the coincidence stage CS^. Therefore 


(J) = F 

Similarly, we obtain 


? i + o :») 2 




GA0) = 2kl 2 Ul 2 m 2 ^±p2L t 


where (a f ~) are the dispersions of the fluctuations Of the leading edge 

t2 t2 


and clipping of the pulse, produced by the coincidence stage CS^ 
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In actual practice, the pulses forming at the radio receiver output can 
be considered symmetrical. Then 


$ = F 


l-®tl* a i 2 - a x 2 ’ 




GA 0) = 4**l/* s «n 2 


0, (0) = 4^,/n, £/*, tf. + 4*lphUlt . 


4,2"^^ m2 r 


(8.5.17) 


Since 


“l - | d + K cc> sn,i "2 s ?' 1 ' K Cc>’ 


C f (0) = 4t},(l+A- Cc )f U’ M -f 

+ 4*J ! f(l-A' Cc )£/i ! 4-- 


(8.5.16) 


It can be seen therefore that G^(0) is a function not only of the inten¬ 
sity of interference, but also of the value of the transmitted command, on 
which K^ c is dependent. In order to exclude the dependence of G^.(o) on , it 

is necessary that the following conditions be observed 

>Vl D ml * k P2®m2 = a " d 4 = 4 ' 4 


These conditions will be satisfied if identical filters F^ and are used, the 
coincidence stages CS^ and CS^ are identical and also if codes of identical 


capacity are selected. Then 


„2 

2 tc 


G f (0) = 4klmUl^S. 


(3.5.19) 


Bearing in mind that when k^U n = k^JJ 0 = k_,U the square of the maximum com- 
, 1 , FI ml Tc m<c F m 

mand will be equal to 


2 2 2 2 t 

k^ = km U —£, 
max F mV 

T 
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Figure 8.11 


on the basis of expression (8.5.19) we obtain 


H = P 
K = C 


°cf (0) = 






(8.5.20) 


It follows from expression (8.5.20) that the conditional spectral density 
G cf (0) of fluctuations of the command coefficient at the zero frequency can be 

computed if the interval T^, pulse duration and dispersion o^ c are known. 

The dispersion of the command distortion a^ and the command coefficient 

can be computed by multiplying expressions (8.5.19) and (8.5.20) by the 

effective transmission band of the CCRL output filter. If the output filters 

p 

have different effective transmission bands AF , and AF the value a can be 

el e2 f 

determined using expression (8.5.17) if its first and second terms on the 
right-hand side are multiplied by AF^ and AF^, respectively. 

For determination of the values t , and t we will consider figure 8.11. 

nl n2' 

The solid lines in figure 8.11a and b denote the pulses forming at the CS^ and 
CSg outputs in the absence of interference, and the dashed line denotes one of 
the possible variants of these pulses when there is interference. 

Since the instantaneous value of the duration t of a pulse produced [k2 6 


in CS is 


then 


T nl “ T pl T 1 ' T 1 cl* 


nl pi 1 1 cl 


Similarly, we obtain (fig. 8.11b) 
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T n2 “ T p2 " T 2 " T 2 cl* 


It can be seen from the last two expressions that x n ^ and can be deter¬ 
mined easily if the probability densities W(t 1 ), W(x_), W(x ) and W(t ) 

i 2 1 cl 2 cl 

of the random values x^, x^> x^ and x 2 are known. A knowledge of these 

functions also is completely adequate for computation of a , a , a' and a' . 

xl t2 t1 x2 

The probability density of the random value x^ is determined by formula 

(8.5-4). This same formula also can be used for computation of the probability 
densities W(x 2 ), c1 ) and W(x 2 . When determining W^ cl ) in formula 

2 2 2 

(8.5.*0 it is necessary to replace t, by x., , and a by a „ , where a „ is 

11 cl xx cl'. x cl 

the dispersion of the fluctuations of clipping of the pulses of the normalizer 
placed before the coincidence stages. When w(x 2 ) is determined, it is neces¬ 
sary to replace x-^ and n^ in expression (8.5-4) by x 2 and n^, and when com¬ 
puting W(x 2 c ^) it is necessary to replace the parameters x^, n^ and by 

•t 2 cl , n 2 and „ T cl . 

After determining a^, o^, a^ 2 and as functions of cx^, a^ c ^, n^ and 
n 2 , they can be determined as a function of q^ and the CCRL parameters in ac¬ 
cordance with the method considered below. 


If the pulses of the coincidence stages are widened in the CCRL to the 

value T i , the values [k^, [K cn 3 c , G f (0) and G cf (0) can be computed using 

formulas (8.3.19)* (8-3.20), (8.3-23) and (8.3-24), provided x^, x^, x^ and ij 

in them are replaced by the mathematical expectations and dispersions x^, x^- 
P P 

a - and cr ^ of the fluctuations of the leading edges and clippings of the 
t1 t2 

pulses u _ (t) and u (t). Here it must be remembered that the "tripoing” 

pi n p2 n 

of the threshold apparatus in the CCRL, when it is subjected to low-level inter¬ 
ference, is accomplished by the first of the arriving pulses which are produced 
by the coincidence stages CS^ and CS^ (fig. 7-13c). 

It follows from an analysis of the expressions which determine W(t ) and 
W(t^) that when n-^ ^ r \2 the conditional constant component [Ak] c of distortion 

Digitized by Google 



of the command at the CCRL output is not equal to zero. If it is not compen¬ 
sated by special apparatus in the control system, this will lead to the /427 
appearance of a mathematical expectation of the error of rocket guidance. 

In order to exclude the undesirable phenomenon caused by the error [Ak] c , the 
CCRL must be designed in such a way that n^ = n^ = n. In such a method of com¬ 
mand transmission, only random guidance errors will appear which are dependent 

2 2 

on a , and a _. 
t1 t2 

2 2 

If n = n 0 = n, the dispersions a n and a _ are equal to one another and 

1 d Tl T d 

p 

are determined unambiguously through cx^. The computations made for n = 1, 2, 3 

2 2 2 2 2 
show that a n = or ~ when n = 1, 2. 3 are equal to a . 0.64 a and 0.55 ex , at 
t1 t2 7 1 t 7 t t ’ 

the same time that for these same values n the values t-, = t 0 are 0 , 0.6 a 

id t 

and 0.71 (X T . It follows therefore that with an increase of n, the rocket guid¬ 
ance errors caused by the effect of low-level interference decrease. With the 
selection of an appropriate number n, it becomes possible to compute the neces¬ 
sary excess of signal over noise, proceeding on the basis of the admissible 
values of the conditional dispersions and spectral density for distortion of 
the CCRL output command when (l) = 0. This requires only a knowledge of the 

P P 

dependence of a on the ratio q^ of the effective intensities of signal and 
t 0 

noise at the CCRL receiver input. 

If the normalizer has one triggering threshold U , , which is the case 

thr n 

when using a delay multivibrator and a blocking oscillator, or two slightly 
separated triggering thresholds, which is typical of a bilateral limiter, then 

a 2 = j£ 

T S’ ’ 

2 

where cx^ Is the noise dispersion at the normalizer input; S is the steepness of 

the leading edge of the pulse at the normalizer input at a point corresponding 
to the triggering threshold or the midpoint between the two triggering 
thresholds. 


Approximately 
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where U n is the pulse amplitude at the normalizer input, and x is the dura¬ 
tion of the leading edge of the pulse. 


However, 


T ed w 2 F ’ 

va 


where F is the equivalent width of the passband of the receiver video 
va 


amplifier. 


Therefore, 


T AU 2 /* * 
n va 


We note that F„_ usually is half the passband of the dc amplifier, 
va 

In the case of a low level of interference, the ratio of the inten- /It28 

sity of noise entering the dc amplifier passband to the pulse power of the 

signal P at the radio receiver input remains the same as for the output of the 
s 

video amplifier. This means that 

1 

4aV 2 ’ 

*p va 

O 

where q^ is the ratio of the pulse power of the signal P s to the effective in¬ 
tensity of the noise P R at the radio receiver input: in such cases, P R is pro- 

2 

portional to 

In addition to the ratio q^, it is possible to use the ratio q^ of the 
mean power of the signal P s to the effective intensity of noise P . It is 
known that, when using square pulses, the pulse power of the signal is 


s t n 
T dur 'tc 

Here x dur is the pulse duration at the input of the CCRL receiver, and n^ is 

the total number of pulses fed to the input of the CCRL during the period T of 
command transmission. 

Then 
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(8.5.21) 


and 



P s _ q 2 T dur n tc 
p p T 



T 


t, n, 
dur tc 



since t , cs t, 

ed dur 

In the case of CCRL without output filters, the values [k ] and [g(0)]„ 

n c ^ 

2 — 

can be determined by multiplying by T and T the values and & C f (0) of 

corresponding CCRL with filters. This is because the mathematical expectations 
and spectral densities for the command coefficients in both types of CCRL are 
identical if k^ ■= k^. 

It follows from an analysis of the results presented in this section that 
CCRL with pulse-counting modulation have a higher noise immunity than CCRL with 
pulse-width modulation of sinusoidal subcarrier oscillations, if identical 
output apparatus is used. 

We note, in conclusion, that the equations of statistically equivalent 
filters for CCRL with pulse-counting modulation, depending on the circuitry of 
the decoders, are the same in form as for CCRL with pulse-width modulation of 
sinusoidal subcarrier oscillations with a low or high interference level. 


8.6. Effect of High-Level Interference on a CCRL 
with Pulse-Counting Modulation 

Under the influence of interference of considerable intensity on a /b 29 

single-channel CCRL with pulse-counting modulation, the transmitted commands 
are distorted as a result of the suppression of the transmitted signals and the 
formation of spurious timing codes (symbols) during the interaction of inter¬ 
ference with the received pulses and also due to the effect of interference 
alone. In addition, it must be remembered that the parameters of each of the 
pulses produced by the coincidence stages will change randomly. 

If the CCRL is multichannel, additional command distortions appear which 
arise due to the formation of spurious commands for the considered channel, 
caused by the interaction of interference with the received pulses of the other 
channels. 

In considering the influence of high-level interference on a single- 
channel CCRL with wideners W^ and W^ in the decoders (fig. 7-13b), we will 
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assume that W-j_ and W£ produce pulses with identical durations t and ampli¬ 
tudes U^. We will also assume identity of the transfer constants and k^ 
of the filters F^ and 7^, which leads to satisfaction of the condition 
k^ = kpg = ky, and also inclusion of the amplification factor of the sub¬ 
tracting device in k^ and k^. 

Then in the absence of interference, the value of the command K at the 
CCRL output for a steady-state regime is equal to 

P = W K= k^U m -jr- w i ~ m* . (8.6.1) 

$ = F 

Under these assumptions, the conditional constant component ClC n ] c when in¬ 
terference is present obviously will be 


[T7M _ u 11 x p I^^c 

- m —■ 


( 8 . 6 . 2 ) 


where [M^] c and are mean number of pulses appearing at the and Wg 

outputs during the time T under the condition that the value of the transmitted 
command remains constant. 

On the basis of expressions (8.6.1) and (8.6.2), taking into account that 
the maximum value of the command appearing at the CCRL output in the absence of 

Ww 


interference is 


we find 


where 


y = c 


(8.6.3) 


T7p 1 _ [^i]y - I^Lly 

Iconic m 

(8.6.1) 



/I30 


fT17l _ l^ily - l^ily „ 

^ (Jc m VC* 

(3.6.5) 


K. 


m ] —m. 


Cc 


It follows from expressions (8.6.2)-(8.6.5) that [K n J c , [AK] C , Ck^]^ and 


cn c 


[AK ] can be computed if the values [M n ] and [m^] are known, 
c c 1 c 2 c 
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When determining it is necessary to take into account that in the 

time the coincidence stage CS^ is fed pulses of timing codes to which CS^ is 

"timed " and interference; in the interval T 2 > in addition to interference, it 

is fed pulses of timing codes of the second kind. Therefore, it is feasible to 
assume that 

P^i] c = ^i. i "1" ^1. J» 

where ^ and ^ are tb® 016811 numbers of pulses produced by the coincidence 

stages CS^ in the times T^ and T 2 , respectively. 

If a pulse normallzer is placed in front of CS , it can be assumed that 
the following conditions are satisfied: ^ 

(1) square pulse signals and interference with constant amplitudes appear 
at the input of the coincidence stage CS^; 

(2) the probability density W(x^) for intervals between any successive 

interference pulses at the CS^ output is W(x^) = X^e _ M. x l., where is the 

mathematical expectation of the number of interference pulses produced by the 
CS^ coincidence stage; 

(3) the probabilistic characteristics of different interference pulses at 
the W 1 input are mutually independent; 

(4) each pulse forming at the CS^ output is capable of "tripping" the 
widener W^; 

(5) transmitted codes of the first kind to which the CS^ is "tuned" are 
not suppressed by interference. 

Then, in the time T^, pulses with a probability of 1 will be fed to the 
widener at regular intervals T^, In addition, there will be random pulses 
formed whose mean number in the time T^ will be A^T^. The mean number of 
pulses M forming in this case at the W output can be determined as indi- 
cated in reference 101. 

In the interval T 2 , the widener is fed pulses which appear at the CS^ 

output, as a result of addition of interference to the transmitted pulses 
forming timing codes (symbols) of the second kind to a code group of the first 
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kind and also due to the formation of symbols of the first kind by interference 
only. Due to the assumption of an exponential probability distribution of_the 
intervals between successive spurious pulses at the CS^ output, the value ^ 

can be found on the basis of an analysis of the effect of randomly follow- /h -31 

ing pulses on the widener W,. [Ml is determined in a similar way if it is 

- 1 - 2 c 

remembered that, in the time T^, the coincidence stage CS^ is fed symbols of 


the first kind as well as interference and, in the interval T^, timing codes of 
the second kind. 


If timing codes with an identical number n of pulses are used in a single¬ 
channel CCRL with pulse-counting modulation, when its decoder is subjected to 
the influence of pulse interference of the Poisson type (probability density 
for the intervals is exponential), and under the condition that the constant 

components of the voltages at the F^ and Fg outputs are proportional to [m^]^ 

and [Mj , independently of the values [M ] and [m 1 , it can be found that 
d c lc 2c 


P K p code 
T p = T w 




1 _ y _ b* — n + ZT i — aw _ 

n-*c IT K ° + tpPiPK [(n J — n -t- ZT,) (1 + 2a + an)] + - 
- + i^iPl (1 +a)(n*-n + ZT t ) («* + ZT,) 




K 

Cc 


n 2 — nZTi — a/i 
r * a + lPx\( n2 — n + ZT,) (1 + 2a -f- an)J H—*• 

- + (1 + a) («* - « + ZTi) (n* + ZT,) 


- 1 


( 8 . 6 . 6 ) 


(8.6.7) 


In these expressions, Z is the mean number of interference pulses acting 
at the inputs of the coincidence stages CS^ and CS^ in 1 sec; F^ = l/T^ is the 

repetition interval of the symbols; P CO( j e is the probability of formation of an 

n-unit timing code due to addition of interference to the transmitted pulse: 

T 27 ^ 

a is a function dependent on the ratios — and p. = —-r; Z - and 

T m(l + K. ) 111 

x i ic 7 

0.5 m(l + K. ) are the mean numbers of interference pulses and regular pulses 

1 C 

fed to the widener in the interval T^. 

The value a can be computed using the formulas given in reference 101. 

In deriving formulas (8.6.6) and (8.6.7) , it was assumed that interference 
could be added to a timing code of a particular type of not only one but any 
of the transmitted pulses. In this case, for the selected value n, we obtain 
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the minimum number of spurious codes appearing as a result of interaction with 
the transmitted pulses and the CCRL has the greatest noise immunity. 


It can be seen from expressions (8.6.6) and ( 8 . 6 . 7 ) that [K cr j c and /432 

[AK ] change directly proportional to the transmitted command since K. = K„ 
c c ic Cc 

= K c = . ni t __ This characteristic is a property of only CCRL with equistable 

*Snax 


codes. It is assumed that two timing codes are equistable if an identical num¬ 
ber of spurious codes of a specified kind are formed in 1 sec during the inter¬ 
action of interference with each of the codes. In the case of l, purely ,t Poisson 
interference, codes with an identical capacity n are equistable. 


Analysis of expression (8.6.6) shows that in the absence of interference, 

when Z = 0, p .. =0 and a = 0, the equality [k ] = K. is satisfied. When 
’ code * J cn c ic 

Z °°, the rocket guidance circuit for the constant component of received com¬ 
mands is opened in such a way that the rocket control surfaces usually are in 
a neutral position. For all practical purposes, the opening of the circuit 
occurs when there is a finite value Z. 


If output apparatus is us rd in a CCRL which does not ensure proportional 
communication of the constant components of the output voltages with [m^] c and 
[Mg] c for any values and [the breaking of the guidance circuit oc¬ 

curs at a lesser value Z than in the case of an "absolutely” linear CCRL. 


If 


K = K. = K = CCRL S and [K ] = [K ] K , 

Cc ic c it n c cn c max 


^max 

, , [k_]_ 

the transfer constant (k_,_ T ) = — i... for CCRL when subjected to interference 

uuKL n 


is 


K„ 


r K Pcode 
T P= T w 


( k CCRlAi “ 




Z /’# — an 


CCRL P*a -f * 9 FiP K \(n 2 — n -f ZT t )( 1 + 2a -f &/j;J -j- 

^ + i^iPl (1 + a) («* -n + ZT,) (n * + ZTi) 


( 8 . 6 . 8 ) 


p 

If the CCRL is N,-channel, the factor N, appears before n in expressions 

K K 

(8.6.6)-(8.6.8). The degree of the relationship between an< ^ 

essentially dependent on pulse duration t of the pulses produced by the 
wideners and W^• 
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With exclusion of W, and W_ from the decoder circuit, when t =0 and 

12 * w 

a = P CO( 3e^k n ^ ” n + the va l ues ^cn-^c an< * £AK c 3 c cease to functions 

of and become equal to 

[K ] = K. (1 - np , ) (8.6.9) 

cn c ic' *code' 

and 

[« c ] c - -»P code K ic < 8 - 6 ' 10 > 


We recall that expressions (8.6.9) and (8.6.10) are correct under the con¬ 
dition of absence of suppression of the transmitted pulses by interference, 
that is, when n P CO( j e < 1. If t w / 0, it is impossible to avoid an influ- /h33 

ence of N. on [k ] . 

k cn c 

Formulas (8.6.9) and (8.6.10) can be derived not only on the basis of ex¬ 
pressions (8.6.6) and (8.6.7) with the substitution in them of 


a = p code (N k n2 * n + ZT i ) and T w = °' 


but also as a result of direct analysis of the processes transpiring in the 
decoder. 


With the interaction of interference with each of the pulses entering into 
a symbol of the first kind, a maximum of (n - l) spurious timing codes can be 
formed, to which the coincidence stage CEL will react. This is because such a 


pulse in the spurious code can be at any place except that which it occupies in 
the transmitted code. If the probability of addition of this pulse by inter¬ 
ference to the corresponding code is denoted P CO( j e > *h e mean number of spurious 

codes of the considered type will be P CO( j e ( n - l)« As a result, during the 

time T^, an average of ^ = Pcode 111 }/ 1 ^ 11 - l) + + m^ pulses is formed at the 

CS^ output, where is the mean number of symbols of the first kind appearing 

during the time under the influence of interference, and m^ is the number of 

symbols of the first kind fed to the input of the CCRL radio receiver during 
this same time T^. 

Interference, interacting with any of the pulses forming a timing code to 

p 

which the coincidence stage CS^ is not "tuned, 11 can create n spurious symbols 


of the first kind. Then, bearing in mind that symbols of the second kind 
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- 2 

are transmitted in the interval T^, we find that 2 = P CO( j e m 2 n + Z 2' where 

is the mean number of symbols of the first kind appearing in the time T^ due 

to interference only. 

By knowing M and M , we obtain 
1.1 1.2 

Pjc = P code 1 a?i) c =/V»n* + «,(1 — p K n) + Z x + Z % . (8.6.11) 

Similarly, it can be found that 

lA?,l c = + «j(l — P*n) + Z\+ Zr (8.6.12) 

We note that in expression (8.6.12) the sum Z^ + Z^ was written on the 
assumption of equistability of the timing codes used in the analyzed CCRL. Sub¬ 
stituting the values [M. ] and [M ] , determined by expressions (8.6.11) and 

•LG c C 

(8.6.12), into relations (8.6.4) and (8.6.5), we obtain formulas (8.6.9) and 
(8.6.10). 

In order to obtain the necessary quantitative evaluations [K n4< tK on L, 
[AK] C and [Ak c ] c as a function of the ratio of the mean intensities of the re¬ 
ceived signals and interference at the CCRL radio receiver input, it is neces¬ 
sary to know the formulas determining Z and P CO( ^ e as a function of q^. This 

problem can be solved under the condition that the statistical parameters of 
the effective interference are given. 

For example, when the CCRL is subjected to interference in the form of 
randomly following pulses with the duration t , the value Z corresponds to the 

mean number of these pulses appearing in 1 sec, and p , is equal to approxi¬ 
mately (ref. 82 ) CvjClC 

P code ~ n(ZT p )n " 1 - (8.6.13) 

If it is assumed that the input of the radio receiver of a single-channel 
CCRL is fed square pulses of signals and interference with identical durations 
and amplitudes, then 

11=^- (8.6.14) 
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Expressions (8.6.6), ( 8 . 6 . 7 ), (8.6.13) and (8.6.14) and the formula /h-34 
determining the function a (ref. 101) make it possible to compute [K cn 3 c and 
[AK C ] C for different parameters of the command signals, CCRL decoder and values 


Z of random pulse interference. 

As an illustration, figures 8.12 and 8.13 show the dependence of - 1^9. ^9 

K. 

— 1 10 

and - [AK ] on —^ for CCRL in which the constant components of the voltages 

c L ^0 

of the output filters F^ and change directly proportional to [m^]^ and 

[m^]^ and for CCRL in which the constant component of the voltage forming at 

the F^ output remains a constant value when [M^s m. 

The curves in figure 8.12 show that the minimum command distortions are 
obtained in CCRL without wideners (curve l). It can be shown that with an 


increase of from 0 to 0.5-0.6, the values [AK ] increase sharply. A further 
„ c c 

Ti 

increase of the ratio slows down the rate of increas.- of the errors [AK ] 

m c c 

Ti 

T - *i 

and when = 1 (curve 2) the distortions AK,, for the same ratio — become 

T i 0 ? 



Figure 8.12 
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smaller than when — = 0.5-0.6. However, they considerably exceed [AK C ] C /^35 
T i 

when x w = 0. With an increase of N^, the distortions [AK c 3 c increase for all 

t w 4 o. 


It follows from figure 8.13, where the dashed line denotes the value of 

the command coefficient K which we would have if there was no interference, 

c 7 

that for a single-channel CCRL with a linearly limited amplitude characteristic 
of the filter F-^, the changes of [AK C ] C with — have a threshold character. 

q 0 


This means that beginning with some value the value [AK ] increases great- 

2 c c 

y 0 


ly and then becomes equal to -K c « The threshold phenomenon is manifested most 


sharply for small K . When JL > o, the change of I[AK ] 


c c 


occurs more smoothly. 


If — = 1, CCRL with linear and linear-limited amplitude characteristics 
T i 


become identical. An increase of N (all other conditions being equal) leads to 

x£ 

a decrease of the ratio at which the guidance circuit for the mean component 

^0 

of received commands opens. In a general case, the appearance of nonlinearity 
in the amplitude characteristic leads to a decrease of CCRL noise immunity. 

If the effect of suppression of transmitted signals is taken into account, 
it can be concluded that the mathematical expectation of the distortions 
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[AK ] increases. With an increase of and K. , the difference tAK 3 when 
c c 2 ic c c 


P s up = 0 and P gU p / 0, where P gU p is the probability of suppression of the /436 


transmitted pulse by interference, increases. In a CCRL with a linearly- 
limited amplitude characteristic, the presence of the suppression effect leads 
to a decrease of the values Z at which the threshold effect sets in. 


These conclusions apply to a CCRL based on use of equistable timing codes. 
If the codes are not equistable, it is necessary to add to the right-hand side 
of expression (8.6.6) a term which is a function of Z and which is not depen¬ 
dent on the transmitted command K . However, such a CCRL, in contrast to the 

earlier considered asymmetrical CCRL with pulse-width modulation, opens the 
guidance circuit so that the control surfaces of the rocket usually are in a 
neutral position. 

The conditional spectral density G_j,(u>) and G^,(0) for any intensity of in¬ 
terference is determined most easily for a CCRL without wideners. If wideners 
W^ and W^ are part of the CCRL decoder, the theoretical solution of the problem 

of computation of G^(u>), in a general case, involves considerable mathematical 


difficulties. However, in approximate evaluations of the fluctuating compo- 

T 

nents present in the output signal K (t), for cases when the value — is sev- 

II m 

eral tens of percent, it can be taken into account that W^ and produce sig¬ 
nals which are randomly following pulses. With such a formulation of the prob¬ 
lem, we will obtain somewhat exaggerated values G^(to) for relatively small 

values of the ratio -i at which the value [ak„]„ differs insignificantly from 

q d 
M 0 


zero and extremely precise results for the values —- at which (k ) becomes 

close to zero. CCRL n 

M 0 


Since there is virtually no reciprocal correlation between the random sig¬ 
nals produced by the coincidence stages CS and CS , in accordance with expres¬ 
sion (8.3.2) we will have ^ 


G f (<*>) = G, (•) | Y, (/•) |* + G 2 (•) | V 2 (jut) I*. 


(8.6.15) 


where G^(uj) and Gg(u)) are the spectral densities of the fluctuating components 

of the voltages produced by the corresponding coincidence stages for CCRL with¬ 
out wideners and by the stages W^ and W^ for CCRL with wideners. 
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2 2 2 T 

By dividing G^(id) by K = lc . -Jf, we obtain the following formula 

max T 2 r 

determining tire spectral density G (od) 

cf 


$ = F 
p = w 


G >) = -rr^F <«>I K, </•)F + G* HI ^2 (/-) fi¬ 


ef'' kl.Ul ^ 

<*1 m l p 


We note that here T, r is the duration cf pulses fed to the filters F and /^3T 

f 2 . 

Since t w usually is much less than the time constant of eaeh of the fil¬ 
ters F-^ and F 2 , then 

G C J ")» > % a [G, (0) 1 K, </«>) I 2 -f <?, (0) | (/•) P|, 


and in the case of identical frequency characteristics of the filters, that is T 
when 

Y, (/<*)) = y 2 (/•) = y (/“land = **2 = 4*. 


we will have 


C cf (l0) 


-^ X 1G 1 (0) + G 2 (0)1|K(»P. 


( 8 . 6 . 16 ) 


For CCRL with.wideners in the decoder, the approximate computation of 
G c f(0) when u) = 0 can be found using the" following formula which follows from 


expression ( 8 . 6 . 16 ) 


where 


.2 


1+4 


m * p 4> eb w 

G 2 (0) 


Y{j*)\\ 


4 


A £bw’ 


(8.6.17) 


AF . *=■—i_ is the effective band of fluctuations forming at the W, and 

eb v 2 t 6 1 2 

W p o 

output for frequencies ou £ 0, and erf and o 2 are the dispersions of the voltages 
produced by the wideners and 

p 

It follows from expression (8.6*17) that it is necessary to find a ^ and a 
Since it is assumed that the output signals are "purely" random, the 
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probability p of the widener forming a pulse with the amplitude will be 
Ppl = [M^] c t w > where [m^ 1 c is the mean number of pulses appearing at the out¬ 
put in 1 sec. Then for any fixed time 

(see key below) 3 i — “^1 — “pi ^m z p l^Jy 0 — x p [•Mijy)- 

Similarly, we obtain 

a 2= U m X t My(l - ■'pWy). 


By substituting the values cr^ and into expression (8.6.17) we obtain 


y = c 

T = T 
p W 


G cf W = 2 |K(y(o)|* 


l^ily (l [•^i)y T p) "I" l^aly (l — l-M*jy T p) 

3? 


(8.6.18) 


If it is sufficient to know G c j.( tJU ) when uu = 0 (in this case, Y(ju)) /i +38 


= kp), we will have 


O ci <0) = 2 


[Af.jy (1 — [Af,|yX p ) + [Af a ] y (1 — [Af,| y X p ) 


(8.6.19) 


It can be seen from expressions ( 8 . 6 .18) and (8.6.19) that as a result of 
computation of [m^3 c and [Mg]^ it becomes possible to compute G c ^.(u)). Since 
[m^c and increase with an increase of Z, the dependence G c: f(0) on — 

^4 


will have the form shown in figure 8 .lh (curve 1). However, for a given value 
00 , the value G^^) will be the smaller the larger is t^,. 

At the same time, it should be noted that G c ^.(oe) in the case of a high 

level of interference has virtually no dependence on K a and becomes close to 

zero for the value corresponding to the conditions of opening of the CCRL 

q 0 

for the mean component of the received commands. 


For CCRL without wideners in the decoder, the functions G^(uo) and G^(cu) 

can be found in accordance with the method described in reference 8 l. In this 
case, each of the voltages formed by the coincidence stages CS^ and CS^ must 


be considered as consisting of two parts. One part of the signal at the out¬ 
put, such as of the coincidence stage CS^, consists of pulses u^(t), forming 
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Figure 8.14 


as a result of the interaction of interference and the transmitted signals, and 
the other consists of the signals u n (t) forming due to the effect of interfer¬ 
ence alone. The voltage u^(t) in turn is divided into Q pulse sequences, in 

each of which the signals have a random amplitude and duration and which on the 
average appear at the interval T. 


It can be shown that in a N -channel CCRL without wideners, with n-unit 

k 

symbols of the first and second kinds, the conditional spectral density G^Cuu) 
is ^ 


p sup 

T H = t p 

he ~ ^code 


O cf (*) = 2(1 -/>„)" 


(1— A'n)",. , ... 


0 

X M 

j(l - t -J°>*)w lit (x)dx 


dx 


4- 2/i (2Nyji — 1)Pk 0 — Pa) 


Ac(l— Pu) n . n , v , „ 


4 (* 

J sin2 T w ^*) dx 


J (1 —e- Jmx ) dx 

0 

1 (* (DX n 1 

16 Zp K —i - \ sin 2 -q— W ( x)dx — SZp\ - ? 

m 2 F 2 \u> 2 J 2 x ’ rt m2/ ? 2 _2 ( 
XRe \ 1 — 8 ^ ( w ) ) 


whe n 0 < « < 2* A/ 7 . 


A39 


( 8 . 6 . 20 ) 
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Here 

V x) is the probability density for durations of pulses forming at the 
CS X and CS 2 outputs as a result of nonsuppression of the timing codes; 

W (x) is the probability density for duration of pulses forming at the 
CS^ and CS^ outputs as a result of interaction of interference and the trans¬ 
mitted signals; 

(cd) and 0 (cd) are the characteristic functions for the moments of dis- 
lv v 

placement of the pulses appearing at the CS^ and CS^ outputs as a result of 

nonsuppression of the transmitted codes and due to the interaction of inter¬ 
ference with the transmitted signals, relative to their mathematical 
expectations; 

0^(uu) an< 3 0^(u>) are the characteristic functions for the inter¬ 
vals between two successive pulses and also the durations and times of forma¬ 
tion of pulses produced at the CS^ and CS^ outputs solely due to the effect of 
interference; 

AF^ = AF^ = AF are the effective transmission bands of the filters 
and Fg. 

It follows from expression (8.6.20) that for a fixed frequency uo, the 
function G c ^(cd), with an increase of Z (when the probabilities P code and P sup 

begin to increase), increases monotonically beginning from zero, attains a 
maximum, then decreases and when Z tends to zero. This means that, as a 
result of the effect of high-level interference on the CCRL, the rocket guid¬ 
ance circuit can be opened not only with respect to the mathematical expecta¬ 
tion of the received commands K^t), but also with respect to the fluctuating 
components of the signal K^(t)„ 

It should be noted further that with an increase of N , the value G «(uj) 

k 7 cf v 

for the fixed frequency w increases, whereas the probability V SUT) a number 
n of several units exerts virtually no influence on the value G c;p (uj). Since 
Tp usually does not exceed several microseconds, for practical values AF it is 
sufficient to take into account only the frequency w = 0. 


k9k 




, p 

If formula (8.6.20), where the relationship of P gU p> P CO( j e an< * z to q Q 
is determined for a particular structure of CCRL interference and signals, is 
used for computing the dependence of G ^.(0) on —> it is possible to obtain the 

to 

curve 2 shown in figure 8.14. It can be seen from expression (8.6.20) that, in 
a CCKL without wideners in the decoder, the spectral density G c ^(0) is not 
dependent on the values of the transmitted commands. w 

We note, in conclusion, that a single-channel CCRL with pulse-counting 
modulation, subjected to high-level interference, can be replaced by a /440 
statistically equivalent filter with the equation (8.4.28), if identical 
circuits are used for handling both subcarrier oscillations. This assertion is 

supported by the fact that [K ] c changes proportional to K Q , but G c p(uu) is not 

dependent or is virtually nondependent on K . 

£L 


8.7. Effect of Low-Level Fluctuating Interference on a 
CCRL with Pulse-Phase Modulation 


The decoder of a CCRL with pulse-phase modulation of pulse subcarriers, 
constituting timing codes, contains not only coincidence stages, but also 
usually a threshold apparatus TA. It usually is based on an electronic relay 
with two stable states of equilibrium (trigger). 

If the CCRL is designed for driving spoilers, the windings of an electro¬ 
magnetic relay are cut into the plate circuits of the trigger tubes or the am¬ 
plifier connected to it. When the CCRL output signal should be a dc voltage, 
low-frequency filters are cut into the trigger; the signals from these filters 
are fed to a subtracting device. 


It follows from the above that the output stages and the threshold appara¬ 
tus in a decoder with pulse-phase modulation is designed much as in CCRL with 
pulse-width modulation of sinusoidal subcarrier oscillations. Therefore, com¬ 
putation of the conditional constant components and spectral densities for the 
output command and its coefficient in a CCRL with or without the output fil¬ 
ters F^ and Fg is possible using formulas (8.3.19), (8.3.20), (8.3.23), 

— P P 

(8.3.24), (8.3.42) and (8.3.43). However, in this case, the values and 
in expressions (8.3.23), (8.3.24), (8.3.42) and (8.3.43) must be replaced by 


P P O O _ 

the dispersions and respectively. The dependence of a a ^ and 

on cx^ can be computed using the formulas cited in section 8.5 and the rela- 
p P 

tionship of a and is determined by the relation (8.5.21) if n in it 

T U tC 
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is replaced by n 


^ , where n is the total number of pulses fed to the input of 
tp tp 

a CCRL radio receiver with pulse-phase modulation during the period T of com¬ 
mand transmission. 

Obviously, as in a CCRL with pulse-width modulation of pulse subcarrier 
oscillations, in order to eliminate the mathematical expectation of distortion 
of commands in a CCRL with pulse-phase modulation, it is necessary to have 
identity of the characteristics of CS^ and CSg, F-^ and F£, and also the param¬ 
eters of both "arms" of the threshold apparatus. In this case, the conditions 
are 


where 


Kl c =o. 

|O of (0)l = |O o (0)lc= 16 a, 


"d'Hp 





(8.7.1) 

(8.7.2) 


Formula (8.7-2) makes it possible to compute the necessary value q^, /U4l 
using the admissible value G c j.(0) as a point of departure. 

If the conditional spectral densities at a zero frequency are compared for 
a CCRL with pulse-phase modulation and a CCRL with pulse-counting modulation 
during expansion of pulses produced in CS^ and CS^ in the decoder of the latter 

to T^, for identical values q^ it is possible to find that 

[G cf (0)] ppM ^ 

[0 cf<°) ] PCM " n tc' 


Here, the subscripts "PPM" and "PCM" apply to the conditional spectral den¬ 
sities of the fluctuations of the command coefficients in single-channel CCRL 
with pulse-phase and pulse-counting modulation, respectively. It follows from 
the cited expression that CCRL with pulse-phase modulation are more noise im¬ 
mune than CCRL with pulse-counting modulation. 


In actuality, if all the timing codes in single-channel CCRL with pulse- 

phase and p\ilse-counting modulation have identical capacities n, then n = 2n 

tp 

T 

and n =—n. Therefore, taking into account admissible quantization errors, 
tc T^ 


we will have 


c _ PPM 

Cg ( 0 )] 

c PCM 


2T. 


« 1 . 
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Similar computations can be made when comparing CCKL with pulse-ptiase and 
pulse-counting modulation without expanders in the decoder, since formulas 
(8.7.2) and (8.5.20) show that 

[ °cf (0)] PPM ‘‘•fotp 

lG 0 f(0)] pCM TTjfcrfjJpcM 

where (a d ) = (a,a^) and (0^ ) are the dispersions of the displace- 

tc'ppm 1 'r'pm ic'pcm 

ments of the leading edges of the pulses forming at the CS and CS outputs in 
CCRL with PPM and PCM. 1 d 

The equation of a statistically equivalent filter for a single-channel 
CCRL with pulse-phase modulation, when under the influence of low-level inter¬ 
ference, will have a form determined by expression (8.3.48). 


8.8. Effect of High-Level Interference on CCRL 
with Pulse-Phase Modulation 

The following are possible under the influence of high-level interference 
in a CCRL designed as shown in figure 7«l8: 

(1) nonpassage of part or all of the reference and control codes through 
the coincidence stages CS^ and CS^ as a result of suppression of one or a large 

number of pulses in each of the transmitted codes; 

(2) formation of spurious reference and control 
"quasi-regular," due to the addition of interference 
pulses to a code of the corresponding structure; 

(3) formation of spurious reference and control 
pulses only. 

If the CCRL is multichannel, as a result of the interaction of interfer¬ 
ence and the signals of other channels, there will also be formation of addi¬ 
tional spurious reference and control codes. 

The appearance of spurious codes and the suppression of transmitted codes 
leads to disruption of the rhythm of operation of the trigger Tr and, as a re¬ 
sult, during the times T^ and T^ there can be a considerable number of 

"trippings" of the trigger. This means that here high-level interference, as 
in CCRL with pulse-width modulation, leads to the breakup of pulse signals 
produced by the trigger Tr in the absence of interference. 


codes, which we will call 
to the transmitted /442 


codes by interference 
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Spurious "trippings 11 of Tr during the formation of codes only by inter¬ 
ference can occur at any time, whereas the triggering of Tr by signals forming 
during the interaction of interference and transmitted pulses occurs near the 
reference and control codes. 


A precise theoretical analysis of the influence of all possible signals 
produced by the coincidence stages CS^ nd CS^ when the CCRL is subjected to 

interference leads to extraordinarily unwieldy computation formulas. However, 
an allowance for the specific characteristics of the structure of the codes 
makes it possible to find relatively simple ways to investigate the noise im¬ 
munity of CCRL, and the computation relations obtained in this process have 
sufficient accuracy and can be used without recourse to special computing 
apparatus. 


A distinguishing characteristic of a CCRL of the considered type is that 
the intervals between successive pulses in timing codes usually do not ex¬ 
ceed several microseconds, whereas the minimum duration of a pulse formed by 

the trigger in the absence of interference is not less than T . = (0.05-0.l)T. 

oo mm 

As a result of the extremely small timing code base in comparison with T^ n , 

the spurious pulses forming during the interaction of interference with trans¬ 
mitted pulses lead only to insignificant fluctuations of the times of "trip¬ 
ping" of Tr. These times can be not more than one code base to the right or 
left of the last pulse in the code. Then, without introducing a large error, 
for the single-channel CCRL which will be considered in detail below, it will 
be assumed that the "tripping" of Tr by quasi-regular signals occurs only at 
points tQ and t , characterizing the times of formation of the last pulses 

in the reference and control codes. However, in order to take into account the 
influence of all possible quasi-regular spurious codes, it must be assumed 
that at points t and ^ QQn the "tripping" signals appear with the probabilities 

p and p of formation of at least one pulse at the CS and CS outputs 
1 • 1 2*2 12 

when subjected to reference and control codes and interference. 


It can be shown that 

the values p and p 

1.1 2.2 


, in the case of timing code capacities n ^ 3-4, /^3 

are extremely close to 1, regardless of_the inter¬ 


ference level. In particular, this can be attributed to the fact that, with an 
increase of the intensity of interference, there is an increase of both the 
probability of suppression of a code and the probability of augmentation by 
interference of each of the transmitted pulses to the corresponding timing code. 


The two assumptions introduced here mean that, at points t^ = kT and 
tcon = + kT, where k = 0, 1, 2, ..., there will always be tripping of Tr by 
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the reference and control pulses,respectively, but in the intervals T and T^, 

making up the period T, there can be a random effect of the signals on Tr. 

Assuming further that the trigger Tr (fig. 7-18) and the threshold appara¬ 
tus TA^ (fig. 7.8) produce signals with identical parameters, we conclude that 

the conditional constant components [k 1 and [Ak] , [K„_]_ and [AK ] . and 
also the conditional spectral densities G^.((u) and G^(0) of the fluctuations of 
the output signal K^t) i:i a CCRL with pulse-phase modulation will be deter¬ 
mined by formulas (8.3.5)-(8.3.8), (8.3.13) and (8.3.14). Division of G (uu) 

o 

and G^(0) by the square of the maximum value of the output command K^ qx , ob¬ 
tained in the absence of interference, makes it possible to compute the condi¬ 
tional spectral densities G C f(u)) and G c j,(0) of fluctuations of the command 

coefficient. If there are no output filters in a CCRL with pulse-phase modula¬ 
tion, which should be the case when it is necessary to connect it to spoilers, 

the values [K ] and [Ak ] can be computed using formulas (8.3.7) and (8.3.8), 

and for finding the functions [G_ (tu) ] and [G„(0)] , it is necessary to use ex- 

pressions (8.3.13) and (8.3.14), divided by = T 2 . 


In this case, it must be assumed that the pulses u .. (t) and u - (t) 

3 r pi n' p2 n 

have a single amplitude, k = k^ = 1 and u^ = u^ = 0. 

Using the notations p^(t) and p^(t) for the probabilities that the trigger 

Tr, in the intervals and T^, produces a voltage equal to u^ + U^, for the 

conditional constant components [K ] and [Ak ] in CCRL with the filters F, 
•nd f 2 we find c " c 1 


Kdc~" *«, (tt, + U ml ) - kQ 2 u t (“2 + Vml) 

+ r k * Um [J Pi (0 dt + J p 2 (0 dt J. 

]c = (t», + iV) — k 4» v 2 { k * lUl ~ ^ ^m-l) — (£<t.l«pi 

_ v « pj) + ^ Pl w dt + f Pi (o*]}. 
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The dependence of the probabilities p^(t) and p^(t) on time can be /W 

attributed to the fact that the possibility of "tripping" of Tr is determined 
by its state in the preceding time interval. However, with the assumptions 
made here the values p^(t) and p^(t) are repeated at the interval T. As a re¬ 
sult, in the case of a constant or slowly changing intensity of interference, 
the signal K cn (t) will be almost stationary. 

As a result of the periodic character of change of the function p^(t), 
during its determination it is sufficient to consider the time interval T^ on¬ 
ly within the limits of the single period T, the beginning of which corresponds 
to the time t = 0. Then, when 0 ^ t < T^, the trigger, constituting an essen¬ 
tially inertialess device, will produce a voltage u^ + U m i , provided that in 
some time interval t^-t^ + dt^, where 0 ^ t < t, the trigger is tripped for 
the last time by a reference pulse, and that in the interval t^-t not a single 
control code is formed at the Tr input. Since t^ can fall at any point of the 

interval 0-t, we obtain a number of mutually exclusive events favoring the 
formation of the voltage u^ + by the trigger at the time t. Therefore 

t 

D >W=jp c (ti>‘)W£ e P,)dt,+P c (0, t) when 0<t<T u (^- 8 -3) 


where P c (tj;, t) is the probability that not one control pulse will appear at 

the CS output in the time t,-t; p (0, t) is the probability of the absence of 

control pulses at the CS^ output in the time interval from 0 to t; (t^ )dt^ 

is the probability that at least one reference pulse appears at the CS^ output 
in the time interval t^-t^ + dt^, "tripping" the trigger. 

It is easy to see that 


W 


ref'”i 


(t.)<tt,= U-/>,</,)) W^tjdt,, 


where 1 - p (t^) is the probability that by the time t^ the trigger is in a 
position determined by the control pulse; W^tpdt^ is the conditional proba¬ 
bility of appearance of at least one reference pulse in the interval dt.. 
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: Then 


*(*> = OH-/»iUi)l ^,(<1)^1 +P c (0, 0 

0 


when 0 ^ t < T^. 


(8.8.4) 


Similarly, we obtain the following integral equation for p^(t) 


pAt) 


-« 


Po(t lt t)pM WMd^ + pATs 


0 ] 


/445 


when T st<T. (8.8.5) 

Here 

p (tf, t) and p 0 (T i , t) are the probabilities of nonappearance of even one 
reference pulse in the intervals t^-t and T-^-t, where ^ t < T; 

Wg(tpdt^ is the conditional probability of the appearance of at least one 
control pulse in the interval dt i ; 

Pg(ti) is the probability that by the time t^(T^ ^ t^ < T) the trigger is 

in a position determined by the control pulse. 

The functions W^t^, W 2 (t ± ), p^T^ t), P Q (t i , t), P Q (t i , t) and p c (G, t) 

are dependent on the type of effective interference and the structure of the 
timing codes used. 

For example, if the times of appearance of interference pulses at the out¬ 
put of the coincidence stages conform to a Poisson distribution, which in ac¬ 
tual practice often can be assumed, then 


P c (0, t) = e-^,p 0 (T it t)=e-W- T '), p c {t„ 0 = 
Po{t t , t) = t l \ Wi(t,)dt l = 'k J dt l , 
W 2 (t l )dt i = 'k 2 dt l , 


where X^ and X^ are the mean numbers of interference pulses forming at the CS^ 
and CSg outputs, respectively, in 1 sec. 
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Under these conditions it can be found that 


PiW = T^- + Trhr[ e (X ' + X,>< ] when- 0<*<7\. 


p 2 (t). 


X, + Xj 


Jhr [l - e~ (X ‘ +Xl) (< " r,) ] when 7*, < / < T. 


(8.8.6) ; 

(8.8.7) 


Substituting the determined values p (t) and p (t) into expression (8.8.1) 
and multiplying the result by K max = k^u^ + U^) - ^■■p2 U 2 > for the con<3i- 
tional constant component [K n ] c of the output command K n (t) we will have 


CK n ] o * K nl + K n2> 


( 8 . 8 . 8 ) 


where 
tf> = F 

n = n 


ATnl — + k#(J M2 ) x 2 p f ) 

^4> W I ^4)2 ( a 2 "l" U m2 ) 

K Wm + ktoU m ' X, r x, +X, r 
T \(X,+X a )2 ex P [ 2 1 

x 0 - *&. >] “ (W* ex|> [- + x >) 


m 

( 8 . 8 . 9 ) 

( 8 . 8 . 10 ) 


It can be seen from expression (8.8.9) that K , is not dependent on the 

nl 

K K 

values of the transmitted commands K = — - T —and is a function only of 

a k c k c 

the intensity of interference and the parameters of the transmitted codes and 
the decoder. However, if the CCRL is balanced, which corresponds to satisfac¬ 
tion of equality k^(u^ + ^ml^ = k F2^ U 2 + 0# 5 U g)* with use of equistable 

reference and control codes A^ = A,^ = A,, and the constant component K becomes 

equal to zero. When A,-^ « which determines a case when the reference code 

is considerably more noise immune than the control code, 


£<l>i + k^ 2 U mi 

^nl ~ ^$2 ( u 2 + U/nl)- 


( 8 . 8 . 11 ) 


It therefore follows that with an increase of A. , the value K n will ap- 

2 nl 

proach the minimum possible value of the voltage k^u.^ - k F 2^ u 2 + U m2^ whereas 
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“* 0. This makes it possible to conclude that it is infeasible to have 

autonomous synchronization of a CCRL without taking any other measures since, 
when strong interference is present, the rocket for the most part begins to 
move along a curve close to a circle, regardless of Kg. If the control code 
(\g >:> ) is more noise immune, then 

^ = ^ K „\~ -f k^U^) /l —+ + ^*2) 

n = n \ ' / 

and when X-^ in most cases, the maximum possible signal, equal to 

k (u + U ) - k ; u , will appear at the CCRL output. 

FI 1 ml F2 2 

Analysis of expression (8.8.10) leads to the following conclusions: 

(1) in a general case, the value K n2 is not a linear function of the trans¬ 
mitted commands; ' 

(2) when equistable codes (X^ = X^ = X) are used, the dependence of on 
K (t) will be symmetrical relative to the y-axis; 

a 

(3) when Xg 00 and X^ - * 00 , the value tends to zero. 

It can be seen from the above that it is desirable to design CCRL /Uh-7 
with equistable reference and control codes. In such CCRL, when k^u = k^u 

“fAi - - W 


[^] C = ^n2 = -W !L ! eX Pl- X7 '(l -*00*1 
-exp[-X7'(l+A^ c )]). 


( 8 . 8 . 12 ) 


Expression (8.8.12) shows that CCRL with pulse-phase modulation, when 
acted upon by high-level interference, are transformed into a nonlinear link 
whose amplification properties decrease with an increase of X. At the limit, 

[K n ] c becomes equal to zero, which is equivalent to the effect of opening the 
rocket guidance circuit. Under conditions when X;l = X 2 = X, the control sur¬ 
faces of the rocket in most cases are set in a neutral position. If ^ / X 2 , 

the opening of the guidance circuit occurs in such a way that the control sur¬ 
faces of the rocket, in most cases, will be in one of the extreme positions. 

If the transfer constant for a CCRL under the influence of interference is de¬ 
termined by the value of the derivative ^Sp_ when K = 0, on the basis of 

dK a 
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for the mathematical 


expression (&.8.12), after replacement of K by . 9^2., 

Cc T 

expectation (k ) of this coefficient we obtain 
CCKL n 


^ k CCKL^ n k ' 


-XT 


CCRL 


where 


w 


m C 


CCRL 


(8.8.12a) 


In those cases when \T(l + |Kq c |) ^ 0.1-0.2, expression (8.8.12) can be 
reduced to the following form , 

[K n ] c = k F u m (l - XT)K 0c . (8.8.13) 

On the basis of relations (8.8.12) and (8.8.13), it is possible to derive 

the following formulas which make it possible to compute [k 3 and [AK ] 

cn c c c 

— exp ( —xr(i +AT KUI )]}, ( 8 . 8 . 1 M 

[a*J t = 2 Jriexp(-xr(i -at k1 u)1 

- exp I- xr (1 + ^kiu)] )-K k m (8 - 8 • !5) 

for any value X (if X^ = X 2 = X). 

When XT(1 + | K Cc | ) s 0.1-0.2, 

l^Kn]y = (l XT') K m , ( 8 . 8 . 16 ) 

CA-^ic] y == XTV^kup ( 8 . 8 . 17 ) 

Figure 8.15 shows the dependence of tK cn 3 c on XT and K when /kk 8 

K„ = 0.2, 0.5 and 0 . 8 . The values XT as functions of qf can be determined if 
Cc ’ 0 

the statistical characteristics of the effective interference and structure of 
the reference and control codes are known. However, in all cases, XT increases 
with an increase of the intensity of interference. 

The functional relationship between [k ] and K„ for different values XT 

cn c Cc 

is shown in figure 5.1b and the function ^CCRL^n ._ f(\ t) f 0r CCRL in which 

k CCRL 

50 k 


Kn = cn 
y = c 

K = C 

Km = Cc 
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X^ = X^ = X, in figure 8.17 (curve l). The curves in figure 8.l8 illustrate the 

change of fK cn 3 c for CCRL with autonomous synchronization when X^ - 0. These 

curves were constructed on the basis of expression (8.8.8) under the condition 

that k u = k u and kU =kU =kU. The ratio - CCF&^n in such a 
FI 1 F2 2 FI ml F2 m2 F m ^CCRL 

radio link changes as shown in figure 8.17 (curve 2). 
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^CCRL^n 



Consideration of the problem of the influence of high-level interference 
on multichannel CCRL with arrangement of channels in series leads to the con¬ 
clusion that such CCRL, even when equistable reference and control codes are 
used, at the limit result in the opening of the guidance circuit in such a way 
that the control surfaces of the rocket will not be in a neutral position. The 
worst conditions for operation will be in those channels whose control codes 
move in small intervals at the beginning and end of the period T of transmis¬ 
sion of commands. This can be attributed to the fact that the conditional con¬ 


stant component [k .] of the output command K . (t) in the j-th channel differs 
nj c nj 

from zero due to the dc voltage source, ensuring balancing of the J-th channel 
in the absence of interference. 


In a multichannel CCRL with arrangement of channels in parallel, the /4^0 
change of the conditional constant component of the output signal in the 

j-th channel (j = 1, 2, ..., N, ) on occurs qualitatively in the same way as 

K P 

q o 

in a single-channel CCRL. However, with an increase of N the opening of the 

It 

guidance circuit sets in with decreasing values —. 


In order to determine the conditional spectral density G f (o>) or G f (0), it 

is first desirable to find the functions R^(t), R^Ct), *pl 2^ an< * ^p2 1^’ 

being the result of time-averaging of the conditional correlation and recipro¬ 
cal correlation functions for the voltages u , (t) and u 0 (t). 

^ pi n' ; p2 n' ’ 
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Figure 8.l8 


When determining ^pl 2^ an< ^ ^p 2 i^ x ^ we a s sume 

that the CCKL is single-channel. 

In accordance to the definition we have 



Here the wavy line denotes time-averaging. 


A51 


With the earlier made assumptions on the probabilities p^ and p^, the 

voltages u , (t) and u _ (t) will be correlated only in the limits of one 

pi n p2 n 

period T, whose components are o ^ t < and ^ t < T should be considered 
separately. 


In the time intervals 0 ^ t < T , the function u „ (t) assumes values 

1 pi n 

u, + U _ or VL. with the probabilities p, (t) and 1 - p (t). 

1 ml 1 ll 
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Therefore the difference u n (t) - [u .. (t)l can be U ,[l - p,(t)] or 

pl n pi n c ml 1 

-U m -|P^(t), and the value u ^ Q (t + t) - [u^ n (t + t)3 c can be equal to 

U^Cl - p^(t + t)] or -U^p^ft + t). Then for the product x = [{u ^ R (t) - 

[u n (t)] } {u .. (t + t) - [u n (t + t)] }]„, we obtain the following com- 

pl n v ' c' ' pl n v ' pl n' ' c’ c> B 

plete set of possible values x^, x^, x^ and x^ 

*. = -Pi (01 [1 -Pi «+*)]. ’,[ 1 -p, (01P.'« + *). 

X* = —UmlPx (0 [1 —Px (t + 91. Xi = UmiPx (9Pl (< + *)• 

Denoting the probabilities of formation of these values through p , p , 

xl x2 

p and p . , we obtain 
x3 x4 

R t (t, x) = x lPxl + x iP „ + x iPxi + when 0 < / < f, - x, 0<x < T t , 

where R-^(t, t) is the nontime-averaged conditional correlation function of the 
voltage u ^ R (t) w ^ en 0 ^ t < T^. 

However, 

Pxx = Px (9 Ply (< + 9. Px* = Px (0 [1 —Piy (f + x)J, 

Px* = [1 —Px (01 P*y (* + 9 

alld Px 4 = [1 ~Px (01 [1 Pay (t + x)], 

where p (t + t) is the probability that at the time t + t the voltage 

iy 

u , (t + t) = u + U . if at the point t it is equal to this same value; 
pl n 1 ml 

p,-> (t + t) is the probability of satisfaction of the equality u (t + t) = 

‘V pl n 

u„ + U t under the condition that u , (t) = u . 

1 ml pl n v ' 1 

In turn, p^(t + t) and p^Ct + T ) are equal to the values p^(t) and p^ft) 
when t = t. Therefore 

Rx (* 9 = U* lPl (0 [1 -Px (01 [p. (9 -p* (91 

when 0 ^ t < T-^ - t and 0 ^ t < T^. ( 8.8.18) 

Similarly, for the second part of the period we obtain 
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/?,(<. «) = ui lPt (0 [1 -p, (/)] Ip. W -Pi M] 


when T^ £ t < T - t, 0 ^ -r < T2. 

Then, taking into account that the function R .. (t) is even for a case when 
> Tg, we obtain p 

I ( r ' 7 |x| T-h | 1 

#p. W = f If ml lP> M -Pi (*)]j J P. (0 tl -P. (01 <«+ J Pi (0 II -Pi (01 


when 0 ^ t < T-^ and < t ^ 0: 


i “PI 

/?*, <*> = i Ul x [p, (t) -p, (x)] J p,(0II -Pi (01 dt 


when ^ t < Tg and -T^ < t £ T^; 

V (t) ' 0 

when t > and t < -T . 


When T < Tg, 


R |ti r-w 1 

Pi(0Il-P.Wl" + Ji Pi(0 II-Pi(01 dt 


/452 


when 0 ^ t < T2 and -T < t ^ 0; 


‘T, 11 

Rfi (T)=\.Um t [PiW—P*W] J PiWl 1 “ Pi (N dt 


when ^ t < and -T-^ < t ^ -T^; 


V t) = 0 

when t > and t < -T^. 


Thus, in the same way we find that 


*pi (*) = 7# Kpi (*)• ^P* • * ~ ' (X) : 
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Applying the Fourier transform to the functions R p ^(x), R p 2 ( T )> ^p^ 
and R p2 1 (t), we find S pl (ou), S p2 (ou), S pl 2 (cu) and S p2 -^uu)- Then, on the 
basis of expression ( 8 . 3 . 13 ) we obtain 


o f (*>)=-£- {\ r, O) f + u mi\ Y> (7“> I 1 
+ u mx u m2 [ y; (;«.) y 2 tw + y; o) r, (>»)]] 

X ] f [/?! (x) — />2 (-c)] COS 0 »x</x j pAt)\\-p X (.t)]dt 

lo 0 

r, T-t 

+ J [PiOO — Pi (•*)(!* cosuidt J /j # (0 


X (1 — Pi (01 dt\ when 0 ^ u> ^ 


(8.8.19) 


If p^(t) and p^(t) are determined by formulas ( 8 . 8 . 6 ) and ( 8 . 8 . 7 ), then 


G f (°) = G fl (0) + G f2 (0). 


(8.8.2C 


where 


<t> = F 
Km = Cc 


2 (k$\U m \ + kfyUrm ) 1 j Xj 4-Xj-8 X.^ X, 


°£ 1 (°) =- T (X, 4- X,F - 


X| -r X 2 


^ 2 (kty x U -f- ktyUmi) 1 

(°) =- T (X, + V) S - X 

^[i_«.- (X ' +Xl)r(1 -' r K U .)] + x2 [l_«- (b+^rd+^j 


X, + X - 


[ — 2 ^ ( 1 + 2 ^ ^KUI* 9 

^2 16 _ 1 " C * 

X| 4- Xj 

, . --^4^-r(1 + *•„„,) 

X2 (^2 ^1) T (1 “I - Kg m) e 

X, - 1 - X, \ 


-Xi(X,-X 2 )(l -/C KHI )e 


r(i-/e Kni ) 


( 8 . 8 . 21 ) 


(8.3.22) 


(Note: This key applies also to the following equations in this section.) 

The component G^(0) is not dependent on the transmitted command and is 
only a function of X.^, X. 2 , T, k^, k^, U ml and U m2 . The function G fl (0) first 
increases with an increase of X^ and X. 2 , attains a maximum and then begins to 
decrease, and at the limit when X^ “* 00 and X 2 -* 00 it becomes equal to zero. 
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The component G^CO) is dependent not only on the intensity of interference, 

but also on the values of the transmitted command. The character of its change 
vith an increase of X^ and X^ qualitatively the same as for G^(0). 

If the CCRL uses equistable codes and k__,U , = k_ 0 U 0 = k_U , then 
^ FI ml F2 m2 F m 7 


Of (0) 


U 2 *2 
u m R $ 

2 T\2 


-2xr (i - at ki11 ) 


+ 4e 


[4 xr - 6 - 

-xro + /r. 


- 2 xr(i +#\ uu ) 


uoP _|_ 4 ^ Xr(1 *kiu 


’]• 


(8.8.23) 


When 2\T(l + | K q c |) 5 0.1-0.2, this expression is reduced approximately to 
the following form 


C? f (0) = */* A’X7*»( 1 +3ATL). (8.8.24) 

The presence of the term 2U 2 k 2 XT 2 K 2 in (8.8.24) indicates that a linear- 

m F Cc 

ized and balanced CCRL with pulse-phase modulation, based on the use of equi¬ 
stable codes, can be replaced by a statistically equivalent filter with the 
equation 


Jke(0 = «i<0*; (0 + AAT(/). 


where |^(t) and AK(t) are random functions of time, not related to one another. 

The mathematical expectation AK(t) of the function AK(t) is zero, but 
?^(t) = (k^^p^)n = (l - XT^c^p^. The spectral densities of the random func¬ 
tions AK(t) and C, (t) at the frequency u) = 0 are — XT^kflJ 2 and 2k 2 ___\T 2 , 

1 3 F m CCRL 

respectively. 


Since when k^U n = k^JJ 0 = k^U the maximum command is K = IlU , then 
FI ml F2 m2 F m max F nr 


„ ... 1 f .,_, . -ixtv + k^) 

O cf (0) 2Tk 2 ® e 

e - 2^r ( i - Af KU1 ) + 4e - xr (i + k k j + 4e - xr (i - *„,)] 


(8.8.25) 


We recall that this expression is correct for CCRL, regardless of 
whether they have output filters. 


/454 
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cf 


( 0 ) 



Figures 8.19 and 8.20 show curves characterizing the dependence of 

Gf(°) 

—hi- on XT and K p for cases when random pulse interference is fed to the in- 

rji 

put of a decoder of a single-channel CCRL and X^ = = X. 

Here it should be noted that, all other conditions being equal, the open¬ 
ing of the rocket guidance channel for the fluctuating component of the re¬ 
ceived command sets in at larger values ~ than for the mathematical expectation 
of the received commands. 9 q 

If the CCRL has autonomous synchronization, with the opening of the cir¬ 
cuit for the mathematical expectation of the received commands, the random cot.- 
ponents of the CCRL output signals also become virtually equal to zero. 


In a multichannel CCRL with successive (in series) arrangement of chan¬ 
nels, in the case of identical intensity of interference, the fluctuations of 
the output signals are greater than in a single-channel CCRL if, in both types 
of CCRL, the transfer constants are identical. However, the breaking of the 


guidance circuit for the fluctuating component sets in at a lesser value -±_ in 


a multichannel CCRL. The influence of any of the adjacent channels in- /*+55 
creases with an increase of the interval between the control codes. 
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.In a multichannel CCRL with parallel (in-parallel) arrangement of chan¬ 
nels, the value G f (0) for the j-th channel, all other conditions being equal, 

also is determined by the separation of the control codes of all the other 
channels. However, as a result of the possibility of fitting the control code 
of the j-th channel into specified intervals of time within the entire period 
T, the fluctuations in a CCRL of the latter type can be more intense. At the 
same time, in the case of identical values of the commands transmitted in all 
channels, CCRL with parallel arrangement of channels are less "noisy." This 
is due to the relative closeness of arrangement of all the control codes 
under the mentioned condition. 

We note, in conclusion, that when multichannel CCRL with either in-series 
or in-parallel arrangement of channels are subjected to interference, they are 
transformed from linear into nonlinear converters with random parameters. 


8 . 9 . Influence of Fluctuating Low-Level Interference 
on CCRL with Pulse-Code Modulation 

1. Qualitative Characteristics of Effect of Interference 

The output signal of the summer of a binary scaler is current pulses 

i (t) or voltage u (t). Assuming, as before, that the CCRL output command is 
sc sc 

a voltage, the pulses u (t) for a CCRL based on the use of one sign-constant 

s c 

or sign-variable sequence of numbers can be represented as shown in figure 

8 . 21 . 
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Figure 8.21 


The voltage u gc (t) shown in figure 8.21 by solid lines is obtained /45$ 
under the condition that the transmitted command is converted in the coder into 

0 i 2 

number 5 and the binary code is three-unit. The points C, 2 , 2r and 2 in 
figure 8.21 correspond to the times of appearance of synchronizing pulses and 

0 i ? 

pulses of the binary code expressing the digits 2,2"^ and 2 . 

When there is low-level interference, there is a fluctuation of the times 
of formation of the binary code pulses and the synchronizing pulses produced 
by the coincidence stage. As a result, the triggers in the binary scalers will 
be tripped irregularly, thereby causing random changes of the durations of the 
u sc (t) pulses. 

\ 

The dashed lines in figure 8.21 denote the possible deviations At^ = 0 and 

0 2 

/ 0 of the leading edges of the pulses from the points 2 and 2 . In addi¬ 
tion, figure 8.21 shows the displacement At sc of the time of the ending of the 
pulse u (t) due to fluctuations of the position of the leading edge of the syn¬ 


chronizing pulse. 


Despite the small values of the fluctuations of the leading edges of the 

u (t) pulses, an evaluation of the distortions of the received commands when 
sc 

there is weak interference is necessary to confirm that, in the absence of sup¬ 
pression of transmitted pulses and the formation of spurious signals by inter¬ 
ference, the distortions of the received commands will not exceed the admis¬ 
sible values and, in case of necessity, to determine more precisely the re¬ 
quired strength of the radio transmitter and the sensitivity of the CCRL radio 
receiver. 


As a result of change of the parameters of the voltage u SQ (t) by inter¬ 
ference, the output commands K n (t) for a CCRL with one sign-constant, one 
sign-variable and two sequences of numbers will be equal to 
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Dsn 


— B ni (0 %ean> 
*.(0 = «^,(0 + («-!> «*(<). 
K n (t)=u al (0-^(0, 


(8.9.1) 

(8.9.2) 

(8.9.3) 


where u n ^(t) and u^fa) are the voltages produced by the CCRL output filters, 
with the influence of interference taken into account. 

Expressions (8.9«l)-(8.9.3) make it possible to find the output sig- /457 
nals for different kinds of single-channel CCRL with pulse-code modulation 
under the condition that they are designed for connection to continuous-action 
control surface apparatus. In those cases when spoilers must be operated, 
there must be apparatus for conversion of voltages into pulses with constant 
amplitude and repetition interval T. The duration of these pulses should 
change proportional to the converted voltage. 

If the CCRL is multichannel, in the case when there is low-level inter¬ 
ference, there are no additional distortions of the received signals in the 
considered channel. 


2. Conditional Constant Components of Output 
Signals and Their Distortions 


First, we will consider a CCRL with one sign-constant sequence of numbers. 
In accordance with expression (8.9.1) and taking into account that the summer 
of the binary scaler produces the voltage u (t) shown in figure 8.21, we will 
have 


n = n 
cp = mean 
y - c 
<p = F 
kh = cn 
k = c 
Kpy = CCRL 
C = sc 
Ky = ic 

(subscripts) 


~«cp. 

/-] 

=(*„], - k = k t ,u t [2 i (0 -M 2 

-Is-'MO -4^1. 

/-I J 

**.</, 2 2 ' _,8 < w -«cp 


K„lv= 


2 2 ‘ 


I-l 


l-l 


[i*:.] = 


/-l l-l 1 


N 


**.v. 2 21 


CrJ-lJl.l.. 


“Cp 


l-l 


(8.9.4) 


(8.9.5) 


( 8 . 9 . 6 ) 


(8.9.7) 
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In these expressions, T-^ j and t^ j (l = 1, 2, ..., N) are the durations of 

the pulses produced by the l-th unit of the binary scaler under the influence 

of pulses of a binary code characterizing the digit 2* - ^ in the absence and in 
the presence of interference, respectively; U-^ is the amplitude of the voltage 

pulse forming at the output of the summer of a binary scaler when signals /V)8 
expressing the number 1 are fed to the decoder. 


Since 


‘ t i.i= 7*1.1+ A "tj + A'tc. 


where At ^ (1=1, 2, ..., N) is the displacement of the leading edge of the 
pulse u gc (t) due to fluctuations of the leading edge of a pulse expressing the 
digit 2 1- ^ in a binary code; then 

bi./]y == 7\. i + A*, + Av 


(Note: See key accompanying equations (8.9.4)-(8.9.7) which.also applies to 
following equations through (8.9.1 ^)*) 


In the preceding chapter, we noted that it is necessary to select small 
intervals between successive pulses in a binary code so that the amplitude 
characteristic of the CCRL will be linear. If this requirement is satisfied, 
it can be assumed that with a sufficiently high degree of accuracy T « T. 

-L • * 

T 

In addition, in a balanced CCRL, the voltage u = k U 2^“’*' ——, and with 

mean FI 1 N 


the use in the binary code of pulses with the identical parameters At^ = At^ 

= ... = At . Then for [k ] and [k ] we will have 
N n c cn c 


fey. 


[*..], = k ., (i + * T| T - )+ 


2*- 1 At, + At c 
f-i_i T 


(8.9.8) 

(8.9.9) 


In expression (8.9.8) 

(k ) =k (1 4- - At| — - At< 0 
v*Kpy; n — i t ] 


(8.9.10) 


characterizes the mean transfer constant for the CCRL when it is subjected to 
N-l Arp + At sc 

interference and 2 k U, - is the constant component of some addi- 

FI 1 T 

tive noise leading to displacement of the zero of the CCRL amplitude charac¬ 
teristic. 
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The results show that in a general case, under the influence of low- 
level interference, there will be a change of the transfer constant and a con¬ 
stant component of error will appear. In order to eliminate the mentioned 

phenomena, it is necessary to ensure satisfaction of the equality At = -At 

1 sc 

These same results will be obtained when At. = At „ = 0. In order for 

1 sc 

At = -At , it is necessary to select identical parameters of the key code and 
1 sc 

the binary code signals, and as a result the triggering and completion of the 
operation of any l-th unit of the binary scaler, in most cases, will occur with 
an identical lag or lead relative to the times of its triggering in the absence 
of interference. For example, for this purpose it is possible to use equi- /459 
stable timing codes for formation of the key and the digits of the binary 
code or memory devices can be used in the decoder, cut into the output stages 
of the CCRL after transient processes are ended during the reception of the 
binary code. 


If the CCRL is designed as_shown in figure 7-32, 

(8.9.10), the displacement is Ar n = 0 and At 4- 0. 

x sc 


in formulas 
As a result. 


(8.9.9) and 
in a CCRL of 


such a type in all cases [k ] / K. 

J n c ' 


It should be remembered that the maximum 


distortions will occur when transmitting the maximum command. 


The values At, and At , 
1 sc 

be computed as a function of 
tion 8.5. 


in the case when they are not equal to zero, can 
q^ in accordance with the method described in sec- 


If a balanced CCRL with a single sign-variable sequence of numbers is con¬ 
sidered in the same way, in the case of identical binary circuits we obtain the 

following formulas determining [k ] c and [K cn 3 c 

\K a \y = (l + — f^ -) AT a + 

+ (a — l)(l + — 1 y tc, )*«p y A;. (8.9.11) 

(key p. 515) +(a— l)(l+ A ~+ - ~ c - ' -)/C Ky , (8.9.12) 

\ 

where At _ is the mathematical expectation for displacement of the leading 
sc 1 

edge of the synchronizing pulsi? characterizing negative commands. 
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It can be seen from expressions (8.9.11) and (8.9*12) that, in the con¬ 
sidered CCRL, low-level interference leads only to a change of the mean value 
of the transfer constant. However, with the formation of pulses of different 
duration by the l-th units of both binary scalers, there will be an asymmetry 
of the CCRL amplitude characteristic during the transmission of positive and 
negative commands. If we compare CCRL based on one sign-constant and one sign- 
variable sequence of numbers, it can be concluded that the use ^of a sign- 
variable sequence of numbers is more desirable if At-^ ^ 0 and At sc ^ 0 . 

In CCRL with two sequences of numbers, under the condition that the dura¬ 
tions of the pulses produced by the l-th units of both binary circuits.. /U6Q 
virtually coincide with the command repetition interval, the values 

and [k ] are equal to 
cn c ^ 


(key p. 515) 


K), = *mKa+*»Ui S 2 < - 1 - (atn+ r C ‘ ),><(0 ~ 


/-I 


1ST 




.1-1-1 Ax /2 + Atf, 


Mi). 


/-1 


[^C*nly- 'K*y “H j- X 


N _ _ N _ __ 

2 * - 1 (Ax„ + Ax cl ) 8, (0- *4 nUt 2 ^+ **«) »; (0 
<»»__ 




(3.9.13) 


(3.9.1M 


where At^ and At^ are the ma thematical expectations of the changes of the 

durations of the pulses produced by the l-th and j-th units of the first and 
second binary scalers and caused by the fluctuations of the leading edges of 
the binary code pulses; 

At sC 1 an< ^ A ^sc 2 are the ma thematical expectations of the fluctuations 

of the leading edges of the synchronizing pulses used for control of the oper¬ 
ation of the first and second binary scalers; 


U 


2 


is the amplitude of the voltage pulse forming at the output of the sum¬ 


mer of the second binary scaler when fed signals expressing the number 1. 


In order to eliminate 
two types by interference, 
one sign-constant sequence 


changes of the transfer constant in CCRL of the last 
the same measures are suitable as in CCRL based on 
of numbers. 
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3. Conditional Spectral Densities of 
Fluctuations of Output Signals 


Under the influence of low-level interference, the signals forming at the 
summer output (the cathode circuit of amplifiers Amp^, Amp^ and Amp^ in figure 

7.32) of a CCRL with one sign-constant sequence of numbers are pulses whose 
leading edges and clippings fluctuate independently of one another. For such 
signals in the transmission of the i-th command, the spectral density G^(0) of 


the random components, as is well known, can be represented by the sum of the 
two terms: G^(cu) and Gj^tu). 


These terms characterize the spectral densities caused by the fluc¬ 
tuations of the leading edges and clippings of the u gc (t) pulses, respec- 


A6l 


tively. However, the leading edge of the voltage u (t) is formed by the addi- 

S V* 


tion of pulses characterizing those digits which form part of the binary code 
when transmitting the command expressed by the number i. The times of forma¬ 
tion of pulses of the latter type are unrelated since the minimum interval be¬ 
tween successive pulses in a binary code always is greater than the interfer¬ 
ence correlation time. Therefore 


Of, (»)=i g , hw . 


( 8 . 9 . 15 ) 


where G^cu) is the spectral density of the voltage fluctuations u gc (t) caused 

by random changes of the position of the leading edge of the pulse formed by 
the t-th unit of the binary scaler. 

Then n 

G fi (o>) = f 20, (»)*, (0+ 0fa(»). 


For practical purposes, it is sufficient to know G^(to) when cw = 0. There¬ 
fore we will have 


G fi (0) = J S 0,(0) M 0 + <z 2(0). 


( 8 . 9 . 16 ) 


However, G^(0) is equal to the ratio of the dispersion of a voltage pulse 
with the amplitude 2* and the mean square duration cr , averaged for the 

1 T l 

period T, to the effective frequency band occupied by the fluctuations and 
being —for the region of frequencies 0 ^ ^ At the same time, the 
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value G^Co) is determined by the ratio of the dispersion of the pulse u sc ("t), 

caused by fluctuations of its clipping, averaged for the time T, to the effec¬ 
tive frequency band of these fluctuations. Therefore 


O fl (0) = t/?{S2 (2 '- 1, -T-*»( / ) + 2 -T- £2'-V)] }. (8.9.17) 

2 

where is dispersion of displacement of the clipping of the pulse u sc (i)* 

2 

By multiplying G^(o) by the square of the transfer constant of the 

filter (fig. 7*32), we obtain the following expression for the conditional 

spectral density G (0) of the fluctuating components of the output signal K (t) 
f n 


G f (0) = ^ 1 i/?j22 (2 '- 1) 4-8 l (/) + 2-T- [ (8.9.18) 

Analysis of formula (8.9.18) shows that G^O) is dependent not only /U62 

on the level of interference, but also on the value of the transmitted command: 
the larger the value K Q , the greater is the value G^(0). 

The relationship between G^(0) and the intensity of interference at the 

2 2 

CCRL radio receiver input is established by determination of a and which 

can be done in accordance with the method considered in section 8.5. 

The spectral density of the command coefficient G c; f(0) obviously will be 
equal to 




2<J X3 

+ XS 


£ 

T 


since 




(8.9.19) 

(8.9.20) 


If we compare the spectral densities when uu = 0 for the considered CCRL 
with pulse-code modulation and pulse-phase modulation, when there is an equa¬ 
lity of the maximum possible amplitude of the u (t) pulses and the height of 

S L 


the Vl n^) P ulses > 


constant values 



regardless of 


l, and when there are 
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identical values of the dispersions of fluctuations of the leading edges of the 
u ^ R (t) pulses in CCKL with pulse-phase modulation, it can be concluded that 

CCRL with pulse-code modulation have greater noise immunity. This is due to 
the absence of correlation of the fluctuations of the leading edges of the 
pulses produced by the l-th units of the binary scaler. At the same time, it 
should be emphasized that there is one specific difference between CCRL with 
pulse-code modulation and earlier considered types of CCRL with pulse-width 
modulation and pulse-phase modulation. This difference is that CCRL with 
pulse-code modulation, when subjected to low-level interference, are trans¬ 
formed into nonlinear apparatus with random conversion properties. 

In those cases when it is necessary to know G f (id) for any values of the 
frequency u), the functions Gj(<d) and G^g^) can be 1 found using the formulas 
given in reference 33 . 

Considering CCRL with one sign-variable sequence using different codes 
characterizing positive and negative commands, in the same way we obtain 

C? f (0) = a'^Ul {2 2*-')^-*, (/) + 

+ 2 4-[ | 2 2 '"V>] j+ («-l)*£,*/!X 

{ 22 ( "- l) 4 -M 0 +2^f- [ j 2 2 ' -, M*)] J. (8.9.21) 

2 

where a „ , is the dispersion of the variations of the time of formation 
t3 1 

of the leading edge of the synchronizing pulse denoting negative commands. 

Dividing the expression (8.9.21) by k 2 n uf(2 N - l) 2 , we find the formula 
for G cf (0). F1 1 

In those cases when positive and negative commands are denoted by the same 
or two different but equistable timing codes, the dependence of G^(0) on K Q 
will be symmetrical relative to the y-axis. 

Comparison of CCRL with one sign-constant and one sign-variable sequence 
of numbers, in the case of the same capacity of the binary codes, reveals: 

(1) in a CCRL with a sign-variable sequence of numbers, in the transmis¬ 
sion of the command K a = 0, there are no fluctuations of the output signal, 
whereas in CCRL with a sign-constant sequence of numbers they differ from zero; 

(2) in the transmission of maximum positive commands, the spectral density 
of the output signal for both types of CCRL is the same, but in the case of 
transmission of maximum negative commands a CCRL of the first type has the 
greater noise immunity. 
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The qualitative dependence of G f (0) on K g for the same level of interfer¬ 
ence and identical parameters of the analytical circuits, for CCRL with one 
sign-constant and one sign-variable sequence of numbers, has been shown in fig¬ 
ure 8.22 by curves 1 and 2 , respectively. 

In the case of CCRL with two sequences of numbers, on the assumption that 
different key codes are used for each of the binary codes, we will have 


G f (0)=2k% x U\ 


22 ’"-" 

k /-l 


<*r 


-f-»!(<)+■ 



+ 2 kl 2 U\ 


N 


2 ,<i) 


°T3l 


J « J 



(3.9.22) 


We note that expression (8.9.22) was derived under the condition that there is 
no reciprocal correlation of the processes transpiring in the first and second 
binary scalers. 

In the considered CCRL, the intensity of the fluctuations (fig. 8.22, j_'ko 
curve 3) is greater than in CCRL of the two preceding types. A common 
characteristic of all three types of CCRL with pulse-code modulation is non¬ 
linearity and the random character of conversion of the input signals when 
there is low-level interference. 


8.10. Effect of High-Level Interference on a CCRL with 
Pulse-Code Modulation 

1. Qualitative Characteristics of Influence of Interference 

First we will consider a single-channel CCRL with one sign-variable se¬ 
quence of numbers, assuming that such a CCRL is designed as shown in figure 
7 . 32 , and that the structure of the command signal has the form shown in figure 
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t 


Its n 2*2’ 2 * 2 ** 

II h i f l-~ 1 

Key code Binary code 
Figure 8.23 


8.23. Figure 8.23 shows that the transmitted command is sent using an n-unit 
timing key code and an N-unit binary code. 

When such a CCHL is subjected to high-level interference, there can be: 

— suppression of the key code, resulting in the pulses of the binary code 
being unable to exert an effect on the binary scaler, and at the CCRL output 
the value of the signal transmitted in the preceding cycle will remain as 
before; 

— suppression of one or a large number of transmitted binary code pulses 
and the formation of spurious pulses in the free positions of a binary code 
under the condition that the key code is not suppressed; 

— formation of a spurious command signal by the transmitted pulses due to 
the addition of interference and the appearance of spurious binary code pulses; 

— formation of spurious keys and binary codes only due to effective inter¬ 
ference; 

— formation of such spurious keys only by the effect of interference, 
which ensures the passage of one or a large number of transmitted pulses (it is 
unimportant which) to the input of the l-th unit of a binary scaler. 

In addition, in a multichannel CCRL spurious keys can be formed during the 
interaction of interference with the transmitted signals of all the channels, 
and any of the pulses of all channels except the considered channel can play 
the role of binary code signals for the particular channel. 

In the CCRL whose diagram is shown in figure 7-32, each successive key, 
however soon it forms after the preceding one, does not terminate the effect of 
the latter with respect to the formation of the gating pulses, which are in¬ 
tended for the separation of the binary code pulses expressing the dif- /h -65 

ferent digits in separate circuits. Such a CCRL is characterized by the 
fact that at any time the voltage u^t) can be formed at the output of the t-th 

unit of the binary scaler. Therefore, the output voltage u (t) of the summer 
will be equal to 


u sc(0 = f S «,<<>• 


( 8 . 10 . 1 ) 
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Illilllil! I 




I 8 , 8 C, 8 8, 8 8 , C C, 

hnnnnr 


Figure 8.24 


The voltage u^(t) constitutes square pulses. These pulses form after the 


appearance of the synchronizing pulses, after a time characterizing the in¬ 
terval between the pulse of the digit in the binary code and the signal C, 

and end at the time of arrival of the pulses C (fig. 8.21). The amplitude of 

the u^(t) pulses can be zero or 2 l- ^U^. One of the possible variants of the 
function u^(t) is shown in figure 8.24b; figure 8.24a shows the synchronizing 


pulses (solid lines) and the pulses occupying the place of the t-th digit in a 
binary code. The points B denote the times of formation of the synchronizing 
pulses forming as a result of the interaction of interference with one of the 
transmitted signals and the points C—as a result of the effect of interference 
only. At the times corresponding to the points and C^, binary code pulses 

appear associated with the transmitted signals. It should be noted here that 
under the influence of interference the transmitted signal can simultaneously 
perform the functions of pulses of all the digits of a binary code, provided 
that synchronizing pulses are fed in the corresponding intervals. 


As an illustration of the above, figure 8.25 shows the synchronizing 
pulses C^, C^, ..., Cjj, formed by interference, and the transmitted pulse TP. 

The intervals between the pulses TP and the C^, C^, ..., pulses correspond 

to the intervals between the transmitted synchronizing pulses and the binary 

code pulses expressing the digits 2^, 2^ and 2 N- '*' in the considered CCKL. 

All the Uj(t) pulses forming in the time T can be divided into the follow 
ing three groups, differing in their statistical properties and forming as a 


C* 


C 2 C, TP 


Figure 8.25 


r 
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whole k + 1 pulse sequences (series), where k is the total number of syn- /466 
chronizing pulses which can be formed in the period T during the interac¬ 
tion of interference with transmitted signals as a result of nonsuppression of 
the key code: 

(1) the pulses forming with nonsuppression of the key code (one sequence); 

(2) the pulses appearing as a result of the addition by interference to a 
spurious key code of each of the transmitted signals (k - 1 sequences); 

(3) the pulses appearing as a result of the formation of spurious keys by 
interference alone (one sequence). 

During the time T in each of the groups there is a random number of Uj(t) 

pulses. However, the first group and any of the sequences of the second group 
cannot include more than one pulse. 

If only one transmitted pulse can be added simultaneously to the key code 
by interference, for a single-channel CCRL 


k — \ — n (n — 1) -j- nN rl , 


where n is the capacity of the key code, and N is the number of pulses pres¬ 
ent in the binary code in transmission of the i-th command. 

Considering the processes of formation of the voltage u^(t) in this way 
it can be assumed that u^(t) consists of one "purely" random sequence of pulses 

and "regular" sequences of pulses forming at the points of formation of the 
"regular" gating pulses which are the result of nonsuppression of the trans¬ 
mitted key code and the interaction of interference with the transmitted 
command. 

Then expression (8.10.1) assumes the following form 


N ft + 1 

U ( 0=2 2 #«.,( 0 . 

SC I-U=l 


( 8 . 10 . 2 ) 


where u (t) is the voltage of the s-th sequence of pulses expressing the l-th 
l .s 

digit in the binary code. 

Accordingly, for the output signal K n (t) we obtain 

^(0=2 2 f tt i.j(0 Aj (t — ') dx — « mean > (8.10.3) 

1 - 1 S - 1 Q 
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where h^(t) is the weighting function of the filter F^. 

In a case when a.CCKL with one sign-variable sequence of numbers is sub¬ 
jected to interference, it is necessary to take into account the processes 
transpiring in the first and second binary scalers. If positive commands are 
transmitted, the same signal will be formed in the first binary scaler as in 
a CCRL with one sign-constant sequence of numbers. At the same time, the 
second binary scaler will produce signals due to: 

—formation of a spurious synchronizing pulse in the place of the /h&J 
effect of the last pulse in the key code expressing a positive command, 
resulting in formation of gating pulses ensuring passage of signals of the 
binary code if the sign of the command is given by different key codes; 

—the appearance of spurious synchronizing pulses during the interaction 
of interference with each of the transmitted signals, as a result of which the 
interference and some of the transmitted pulses can play the role of binary 
code symbols; 

—formation of synchronizing pulses only under the influence of interfer¬ 
ence, so that each of the transmitted pulses begins to perform the functions of 
a signal of the l-th ( 1 = 1 , 2 , ..., N) digit in the binary code; 

—the creation of spurious synchronizing pulses and binary code pulses on¬ 
ly under the influence of interference. 

Then the output signal K^t) of a CCRL with a sign-variable sequence of 
numbers can be represented in the following way 

N +1 t 

*n(0 = 2 2 — *)d* — 

/-I 5= 1 0 
JV A 9 +l / 

~ 2 2 5 K s Wh V -*)*. (3.10. 1) 

l « 1 S m 1 0 


where k^ and k^ are the maximum values of the numbers of the ’’regular" synchro¬ 
nizing pulses acting on the first and second binary scalers in the time T; 

u (t) and u f (t) are the voltages of the s-th sequence of pulses expressing 

l.s l.s 

the l-th digit in the binary code and acting at the outputs of the summers of 
the first and second binary scalers; h (t) is the weighting function of the 
filter F 2 (fig. 7 - 36 ). 2 

When transmitting negative commands, the functions of the first and second 
binary scalers are changed to opposite signs in comparison with the case 
K & > 0. However, the command K^t) will be determined by the same expression 

(8.10.4) under the condition of corresponding computation of the values 
and k 2 * 
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If in a CCRL with a sign-variable sequence of numbers the sign of the 
transmitted command is determined by the displacement of the binary code 
pulses, in contrast to the preceding CCRL, the formation of a spurious synchro¬ 
nizing pulse as a result of nonsuppression of the transmitted key does not lead 
to a possibility of passage of the binary code pulses to the second binary 
scaler. 

In determining the output signal K^(t) in a CCRL with two sequences of 

numbers, it is also possible to use expression (8.10.4) if it is taken into ac¬ 
count that k^ and k^ should be computed with allowance for the specific /468 

characteristics of operation of the first and second binary scalers. The fact 
is that both the first and second binary scalers will be affected by interfer¬ 
ence and the transmitted signals characterizing the first and second sequences 
of numbers. 


2. Conditional Constant Components of Output 
Commands and Their Distortions 

First, we will consider a single-channel CCRL with one sign-variable se¬ 
quence of numbers. On the basis of expression (8.10.3), for a steady-state 
regime we find 

_ .v *+i __ 

ta] c = *F.,S s k J c -“mean. (8.10.5) 


where [u, ] is the time-averaged conditional mathematical expectation of the 

* • s c 

voltage u (t), computed on the assumption that the value of the transmitted 

l • s 

command is specified. 

Since in the absence of interference the duration of the pulse produced by 
the l-th unit of the binary scaler is virtually equal to T, then 

K = ^2 2 &j(£) ^mean 


and for the conditional constant component [Ak] c of the distortion of the out¬ 
put command we will have 


[a K]=k, t Stf-V). 

/-I 5=1 * 


AT 
[ 

j- 

l - 1 


( 8 . 10 . 6 ) 


Dividing expressions (8.10.5) and (8.10.6) by the maximum value of the 
command 
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K « LU, (2 11 - 1) - u , 
max T1 1 ' mean* 

it is possible to find formulas determining CK cn ] c and [AK c ] . 

As already mentioned, pulses of the s-th sequence have random amplitude 

a. , duration t, and time of formation t, . Therefore 

l.s' t.s l. s 

[% s\ c— a l- s x l• sZ, S’ 

where a 4 and t, are the conditional mean amplitude and duration of the 

t.s t.s 

u l sfr) P u l ses ^ an< ^ z i s i s mean numb er of u t g (t) pulses forming in 1 sec. 

The product t. Z, is the probability of an event in which, with the 

* • s * • s 

shifting of a point to the sequence of segments formed by the bases of the /16? 
pulses of the s-th sequence and the intervals between them, this point falls 
on the base of one of the pulses. 

Taking into account the specific character of the statistical properties 
of different sequences, it is desirable to determine the value 

[“»]= 2 [«/J c 

in the following way 


[ a J c — a ‘- i T '- i + 2 a i. f u .Z u Si + 

s l 

2 I*. ” 1 “ 2 ^/, s^l. A *» 


(3.10.7) 


where a t -.t. _Z is the conditional constant component of the voltage pro- 

* • JL * • -L t 9 i. 


duced by the l-th unit of the binary scaler under the influence of the trans¬ 
mitted keys and a pulse of the l-th digit in the binary code; 


s^ is the summation index, applied to the spurious "regular” synchronizing 

pulses, under whose influence are created gating pulses which coincide with the 
transmitted pulses; 


s^ is the summation index, applied to those spurious "regular" synchro¬ 
nizing pulses responsible for appearance of gating pulses not coinciding with 
the transmitted pulses; 

p. is the summation index, applied to the synchronizing pulses forming due 
to interference only and which then cause formation of gating pulses coinciding 
with the transmitted pulses; 
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are the conditional mean 


a, v : '.v z iv a i.»' ^ Z U»' a /.v y*. and Z l.g 2 

values of the amplitudes, durations and number of pulses in 1 sec in the s-^-th, 

^-th and Sg-th sequences; 

a, , t- and Z, are the conditional mean values of the amplitude, 
l.v' l.V l.v 9 

duration and number of pulses per 2 sec in a sequence caused by the influence 
of interference only. 

Since a periodic transmission of commands is assumed, then 


n = sup Z ,. 1 = p i F=(l-p„) n F; Z l Si = Z I St =/^F and =/£./'. 

where p^ = (l - P SU p) n is the probability of nonsuppression of a transmitted 
key code; p^ is the probability of augmentation of a transmitted pulse to a key 
code by interference; p^ is the probability of formation of a spurious key 
code by interference only; F = 

T 

However, _ /V 70 

X l. t = 1 Pla< 


where p is the probability of an event in which, with the shifting of a point 
i a 

to the sequences of segments formed by the bases of the u^(t) pulses and the in¬ 
tervals between them, this point falls on the base of one of the pulses. 

It can be found that 


T /. *— 1 ~ 1 P n ) n 




Next we determine a. a, , a< and a. . In the case of transmis- 

l.l* l.s^ XmS 2 

sion of a pulse characterizing the l-th digit in a binary code, it can be sup¬ 
pressed with the probability p , but in the absence of this pulse a spurious 

sup 

signal can be formed by interference with the probability p . The amplitude 

spur 

of the pulse produced by the l-th unit of the binary scaler is U.2* - ^. There¬ 
fore , 
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n = sup 
ji = spur 




(Note: This key applies to the present and following equations.) 

Similarly, we obtain 

a, „ = Uy2 l ~ 1 |( 1 - p n ) 8,. (/) + />„ [1 - 8, #i (/))), 

*i, t =*w. = 2- x UiP» 

and a u * = tf' X Ux(\-p*)hAl). 

where 6 f (i) and 6 (i) are functions equal to 1 or 0, depending on whether 

l • s-^ i • M* 

or not the s-^-th and |JL-th pulses are transmitted when the CCRL coder is sub¬ 
jected to the influence of the i-th command. 

After substituting the values [5,^, Z tl , Z, v Z, v a, 1( 5, v a, Si . a,*, a,.. 


and r Z, into expression (8.10. 5 ) we find that 

l.v l.v 


whe re 


[^l c =^ + ^2. 

= U \P* (2^ — 1) — u mean > 

Ki = k Fl U x (1 - p n - p A ) ^2 2 l ~ 1 ((1 — p n )% 1 B / (i) 
+ 2 p^i. s }i. Sl (0 + /^ n 2 T /. A v. (0 j • 


(8.10.8) 

(8.10.9) 
(3.10.10) 


The value is dependent only on k.^, U^, P S p Ur > ^ and u e ff an< ^ no1: a 

function of the transmitted commands. Therefore, it cannot be considered a 
constant component of the signal produced by some noise source. With an in¬ 
crease of interference, P g p ur “* 1 and assumes a value equal to the /hjl 

maximum command forming at the CCRL output. 

The component is a function of interference, the structure of the CCRL 

and the transmitted command. As follows from expression (8.10.10), in the 
presence of interference, the CCRL decoder is transformed into a nonlinear ap¬ 
paratus. However, if the decoder is divided into N units, the signals from 
whose outputs are fed to a summer, it is possible to detect N links which are 

linear relative to the transmitted symbols 2°, 2 1 , ..., 2^. At the output of 
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the l-th link we will have the constant component U,p , regardless of 

FI 1 spur 

whether or not the digit 2 is transmitted, and the signal 


AT= kr, u t (1 - p a -p A ) [d - Pn y H , + 2^1. 


»!■«, (0 
h (0 


In this expression the factor standing before 


2 U1 6 i (i) 


characterizes the 


mean value of the transfer constant of the l-th link. 


It then follows from expression (8.10.10) that with increase of the inten¬ 
sity of interference, the value (l - P SU p - Pspur^ decreases an ^ a_t “the limit 

tends to -1. At the same time, with an increase of the interference level, 
t , t and t continuously decrease approaching zero. This means that 

l.l l.|JL l- s l 

the effect of interference leads to a decrease of the amplification properties 
of the CCRL. 


In order to decrease the influence of all the transmitted pulses except 

the pulse characterizing the digit 2 *”^ in the binary code, it is necessary to 

satisfy the equation 6 (i) = 0. Therefore, in developing a CCRL it is nec- 

i • 

essary to have such a separation of signals in which gating pulses coinciding 
with the transmitted pulses are not formed under the influence of spurious 
"regular" synchronizing pulses. 

The dependence of [k! on the ratio has the form shown in figure 8.2 6 . 

-n c q 2 

With sufficiently small values of the ratio as the ratio increases, 


the principal role is played by the formation of spurious pulses at the CCRL 
radio receiver output and spurious regular synchronizing pulses. Therefore, 
the component K p decreases rather rapidly, primarily due to t. ,, x. and 

1 • 1 l . S-j^ 

Tj . At the same time, the increase of the signal occurs relatively slow¬ 
ly. As a result, and also due to the presence of the voltage u at some 

& mean 

point a, the command [K ] becomes equal to zero and then assumes negative 
values. 

When p ^ is 10-20 percent, the number of spurious synchronizing /V 72 
pulses becomes so great that x, ., x. and x. are equal to zero and the 

*.JL l.ST l . |JL 
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1 





influence of the transmitted commands on the CCRL output signal comes to an 
end. In essence, this means an opening of the rocket guidance circuit. How¬ 
ever, since p still is not very large, the guidance circuit for all prac¬ 


tical purposes opens when there is a maximum negative voltage at the CCRL out¬ 
put. The latter assertion is based on the fact that when Kj » 0 a set of 


spurious commands resulting from the influence of interference only occurs rela¬ 
tively rarely in comparison with the formation of spurious regular synchro¬ 
nizing pulses. This can be attributed to the fact that the formation by inter¬ 
ference of a spurious key and at least one pulse corresponding to a binary code 
signal is equivalent to the creation by interference of a spurious timing code 
of a greater capacity than the key code used. 

A further increase of causes an increasingly strong appearance of com- 

q o 

mands corresponding to increasing values i due to the effect of interference 
only and the suppression of the transmitted pulses. As a result, the number of 
units of a binary scaler which at each time is in a working state increases and 

[Kjj],, approaches to 

k_.U, (2 N - 1) - u = K 
rl 1 mean max 


If the CCRL is multichannel, the guidance circuit is opened at a lesser 
interference level. 

A study of a CCRL with one sign-variable sequence of numbers in the same 
way makes it possible to draw the following conclusions: 

(l) When there are identical circuits for analysis of the signals used in 

transmission of positive and negative commands, the output signal [k ] does 
not contain a component not dependent on K & . 
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(2) In order to decrease the influence of all the transmitted pulses /U 73 
on the value [K n ] c , it is necessary to select the structure of the command sig¬ 
nals in such a way that the spurious "regular 11 synchronizing pulses which ap¬ 
pear do not create gating pulses which coincide in time of effect with the 
transmitted pulses. 


(3) With an increase of the intensity of the interference, the amplifica¬ 
tion properties of the CCRL, which becomes a nonlinear link, deteriorate and 

at the limit the value [K n ] c becomes equal to zero, which leads to opening of 

the guidance circuit when (on the average) the control surfaces of the rocket 
are in a neutral position. 


( k ) In order to obtain a symmetrical mean amplitude characteristic repre¬ 
senting the dependence of [K n l c on K^, when interference is present, it is nec¬ 
essary to use equistable key codes. In a CCRL with one common key in the 
transmission of positive and negative commands, the value [K n ] c = 0 when K Q = 0, 
and in a CCRL with different keys this condition is satisfied approximately. 

(5) The absolute value [K n l c is larger in a CCRL with one common code; 

however, in order for the mean amplitude characteristic of such a CCRL to be 
close to symmetrical, the displacement of the binary code pulses must not be 
for any considerable interval of time in the transmission of negative commands. 

The curve characterizing the dependence [K ] = f(q^) for one value K Q is 

shown in figure 8.27 (curve l). cn c 0 


The effect of high-level interference on CCRL with two sequences of /b'Jk 
numbers causes qualitatively the same processes as in a CCRL with one sign- 
variable sequence of numbers. However, in order to obtain the mean amplitude 
characteristic undisplaced relative to zero, in addition to satisfying the re¬ 
quirement that the key codes are equistable, it is necessary to ensure a corre¬ 
sponding displacement of the binary code pulses in the limits of the period T. 


At the same time, it should be noted that, for the same value -ig, the value 

q o 

[K 3 C is smaller than in a CCRL with one sign-variable sequence of numbers 
(fig. 8.27, curve 2). This is because virtually identical values will be 


observed in both types of compared CCRL for the same mean number of pulses of 
effective interference. At the same time, when using two sequences of pulses 
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for transmission of a particular command, a greater power is expended than in 
CCRL with one sign-variable sequence of numbers. 


3. Conditional Spectral Densities of Fluctuations 
of Output Signals 

In the case of a CCRL with pulse-code modulation, subjected to high-level 
interference, it is simplest to compute the conditional correlation function. 
Obviously, it first is necessary to find the conditional correlation function 
R sc (t, t + t) of the signal u gc (t) formed by the summer of the binary scaler. 

We will consider a single-channel CCRL with one sign-constant sequence of 
numbers. 

N * + ! 

Taking into account u (t) = '2 2 «,.,(/), on the basis of expression 
(8.10.2), we find 1 * 1 s - 1 


where 


RJt, t+ T)= 2 /?,(/. /+t) + 

SC / B 1 


N N 


2 2 t t -), 

/ = 1 p -1 
1 p 


(8.10.11) 


/?,(<• / + ^) = «?(0«?(/ + ^) 


is the conditional autocorrelation function of the voltage produced by the l-th 
unit of the binary scaler; 


/ + x) = ««(/)«»(/-ft) 
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is the conditional reciprocal correlation function of the voltages produced by 
the l-th and p-th units of the binary scaler; 


«?(0 = M0-[«i(*)] c 

is the centered function u^(t) for a given value of the.input command. 

The second term in expression (8.10.11) is negligibly small. This is /475 
due to the extremely low probability that both the l-th and p-th units will 
be activated by the same pulse forming at the output of the CCRL radio receiver 
output (since only under this condition will the voltages u^(t) and u (t) be 
correlated). P 


Then 


R (t, / + x)= 2 R t (t, t+ x)= 2 WK<* + X )- 

SC l - 1 l - 1 


The product u^(t)u^(t + t) can be equal to one of the following values: 

— the square of the amplitude b5 (s = 1, 2, ..., k + l) of the centered 

*. s 

signal u. (t), if the times t and t + x, corresponding to the beginning and 

* • s 

end of the segment with the length t, lie on the base of the same pulse of the 
s-th sequence; 

— the product b. b* , where b f is the amplitude of the centered signal 

* • s t * s t * s 

u (t) at the time t + t, under the condition that the times t and t + t coin- 
l • s 

cide with the bases of two different pulses of the same s-th sequence; 

— the product b b (s = 1 , 2, k + 1; h = 1, 2, k + lj s / h), 

l • s l *H 

where b is the amplitude of a signal of the K-th sequence, under the condi- 

l . H 

tion that the times t and t + .t are situated at the bases of the pulses of the 
s-th and H-th sequences, respectively. 

Therefore 


Ri(t, / + ^)=*2p j . sb] s + 2p 2 .AA 

5-1 5-1 

* + 1 ft + 1 

+ S S P s . 


5 - 1 X - 1 


( 8 . 10 . 12 ) 


where p., , p 0 and p are the probabilities that both ends of the segment 

X• S C..S S • H 

of the length t will be situated on the base of the same pulse of the s-th 
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sequence, two different pulses of the s-th sequence and two pulses of the s-th 
and H-th sequences, respectively. 


In writing expression (8.10.12), an allowance was made for the nondepen¬ 
dence of the change of the amplitudes of the pulses of the s-th and n-th se¬ 
quences and also of the same s-th sequence. 

Since b, =0 and b, = 0, as a result of the fact that u^(t) is the 
centered function of the voltage u t (t), then 

R(t, t + t) = S 2 Pi. J>1 s = P\. 1 + 


2Pj. v- b ], |» -\-Pi. X * + 2iPi. s b l i, + s b ], 


(3.10.13) 


Here s^, s^ and p are the indices of summation, having the same sense as A7o 
in expression (8.10.7); 

“O “"O 

and ^ are the dispersions of the amplitudes of the voltage pro¬ 
duced by the l-th unit of the binary scaler under the influence of the n-th 
transmitted pulse and the interference pulse, respectively, forming at the out¬ 
put of the CCKL radio receiver; 

b 2 , b^ and b^ are the dispersions of the amplitudes of the voltage 
l • 1 ^ • s i * • s 2 

produced by the l-th unit of the binary scaler under the influence of a pulse 

characterizing the digit 2* ^ in a binary code, the transmitted pulse and the 
s-^-th "regular" spurious synchronizing pulse and also an interference pulse and 

the s^-th "regular" spurious synchronizing pulse, respectively. 

In transmission of a pulse characterizing the digit 2* ^ in a binary code, 
the voltage at the output of the l-th unit, under the condition that it is 

’"tripped" by this pulse, can be or 0 with probabilities of 1 -V QU an(2 

l-l 

P SU p, respectively. If the pulse determining the digit 2 is not transmitted 
in a binary code, the formation of the output signal of the l-th unit with the 
amplitudes 2 and 0 will occur with the probabilities P S p Ur and (1 - ^s^ur* 

On this basis we obtain 


n = sup 
ji = spur 


^ 1 = 2 2(, - ,, £/?|a -Pn)Pn*lM+P> 0-/OU (*)!)• 
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Similarly, we find 


»;, = 2’«i -pjpA,,m+p.o — Pm) [i — \,, (on. 

$« = %.=** "•■’WS’.O-A); 

The probability is 

Pl..,=P,P(0. *• < + *). 

where p (s = 1, 2, ..., k + l) is the probability of an event in which, with 
s 

the shifting of a point to the sequence of segments formed by the bases of the 
pulses of the s-th sequence and the intervals between them, this point falls 
on the base of one of the pulses; 

p(0, t, t + t) is the probability that in the interval of time t-t + t not 
a single synchronizing pulse is formed under whose influence, as already men¬ 
tioned, the next "tripping" of the l-th unit of the binary scaler occurs. 

The value p„ is determined by the ratio of the mean duration of /kTJ 

S 1 

pulses of the s-th sequence to their mean repetition interval. Therefore 

n = sup Pm — ' c m(1 — P„) n Fp(6, t, < + 

K = k 

kh = kn Pi.s, — Z i. t, < + T ). 

Ji = spur p,. H \ s p x Fp (0. t, t + x), 

B = inter _ 

Pu* = %»P Ktt Fp{Q. t, / + *). 

(Note: This key may be used also for equations through (8.10.15).) 

Similarly, we find that 


Pm=p,p(0. t, < + -0, 


where p is the probability of the left end of the segment of the length t 
x • v 

falling on the base of a pulse of the v-th sequence. However, 


Pi., + * 1.1 0 - P„ ) n F + 2 Si P*F + 2 Sz pF + 2 V f Fp m = 1. 


Therefore 


Pl.,= l 


p„) n + '2i\s,p* + '2h.s,p* 
s 1 *1 


+ 2nPj • 
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By substituting the determined values p_ , p.. , p. , 

X. • X. X • |i X • V 

”2 ”2 ”~2 ”2 

b -, b } b , b and b into expression ( 8 . 10 . 13 ), 
l • J- ll .s 1 l • 


■l.S 


> Pi s 
1 x - s 2 


we obtain 


RJt, t + x)^p( 0, t + x)U\ £ 2 2(, ' l) {p JI (l-p J ) 

SC I ■ 1 

+ ^b„0 -P n )-PA\ -^)l[(i 

-r PH 2 •'/. , , 8 /. i, (0 + P Kn 2A <L (*)] j • 


(8.10.14) 


In the case of a constant intensity of interference, F^ c (t, t + t) is a 


periodic function of time t. Its period is T. Since the value T is considera¬ 
bly less than the time constant of the CCKL output stages, it is possible to 

use the time-averaged correlation function R .. (t) = R (t, t + t). This same 

sex. sc 

function is suitable for investigation of control systems in the case of a slow 
change of the intensity of interference for individual parts of the trajectory 
of motion of the rocket, when the pertinent slowly changing coefficients can be 
"frozen." 


Then, taking into account the condition p(0, t, t + t) = p (x)p 


sup 


inter 


( 0 , 


where P SU p( T ) is the probability that in the interval t interference does not 
create a single synchronizing pulse, and P^ n ^ er ( T ) is the time-averaged proba¬ 
bility that in the interval t not a single synchronizing pulse is formed /kjS 
during the interaction of interference and the transmitted signals, we 
obtain 


*&') =Pn (T) p. (t) U 2 2 J 2 2 ( ' -"{pAl- p,) 

+ bn(l — Pn) — Pa (l ~ Pa)] j^(l — A,)"*/. A (/) 

+ P* 2 ,, 8 ;. ,, (/) + P„ 2 H A 1 (*')]) • ( 8 . 10 . 15 ) 


By knowing the correlation function and the frequency characteristic 
Y^(jcu) of the filter F^, we obtain the following expression for the conditional 

spectral density Gj.((i)) of fluctuations of the output signal K R (t) 

00 

G^ (u>) = 4 | Y x (yu>) | 2 J R £t)coSi»uix, ( 8 . 10 . 16 ) 

where R (t) is determined by formula (8.10.15). 
s c 
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Dividing both sides of formula (8.10.16) by the square of the maximum 
value of the output command in the absence of interference, we obtain the con¬ 
ditional spectral density G (0) for the fluctuating components of the command 
coefficient. 


The probabilities p (t), p. , (t),p and p and also the values 

^ *sup' *inter' 7 *spur *sup 

t. . , t. and t t can be computed if the parameters of the signals and the 
l * • S 

statistical characteristics of interference are known. 


It follows from an analysis of expressions (8.10.15) and (8.10.16) that: 

(1) the conditional correlation function R sc (t) and the spectral density 
Gj.(ou) consist of two parts, one of which is not dependent on the transmitted 
commands, whereas the other is a function of the transmitted commands; 

(2) the conversion properties of the CCRL are random, as indicated by the 

presence of the functions 6,(i), 6, (i) and 6 (i) in expression ( 8 . 10 . 15 ), 

dependent in turn on K Q ; ,S 1 

(3) for virtually complete elimination of the influence of transmitted 
commands on R sc (t) and G^.(0), it is necessary to create a CCRL in which 

p = p ; under this condition, the random character of the conversion pro¬ 
sup spur 7 77 

perties of the CCRL can be neglected; 

(4) with an increase of the intensity of interference, the values R sc (0 

and G_p(uu) for fixed values t and u> first increase monotonically, then attain a 

maximum and then begin to decrease, at the limit approaching zero. For all 
practical purposes, the breaking of the guidance circuit for the fluctuating 

components of the signal sets-in at a larger ratio than for the constant 
component; q p 

( 5 ) for a decrease of the influence of the individual transmitted pulses 
on R (t) and G (m), the CCRL must be designed in such a way that the condition 

SC f 

6 (i) = 0 is satisfied; 

* • S-j 

(6) the influence of the term proportional to p , in the case of a /479 

kn s - 

small number of transmitted pulses, is negligibly small because 


p kn <<: p k and p kn ^ 


(1 


P sup^ 


n 
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If a CCKL with a sign-constant sequence of numbers is a multichannel 
apparatus, then R sc (t) and G^m) decrease with an increase of as a result 

of the decrease of the values Pi n ter^ T t T l 1> T l s an< ^ T l p,’ 

The conditional' spectral density of fluctuations of the output signal in 
a CCKL with one sign-variable sequence of numbers can be found if the condi¬ 
tional spectral and reciprocal spectral densities or the conditional correla¬ 
tion and reciprocal correlation functions of the voltages u ,(t) and u _(t) 

produced by the first and second scalers are known. However, without making 
significant errors, it is possible to neglect the mutual relationship between 
the voltages u sc ^(t) and u gc 2 (t) and also between the voltages formed by the 

l-th and p-th units in both the first and second binary scalers. 

Under these conditions, 

G f («0 = 0 F1 (<**) I Y x (/•) | a + (<o) | Y 2 (jot) |*. 

where G^(w) and are the spectral densities of the voltages u gc ^(t) and 

u gc t) without taking into account the reciprocal correlation between the 

signals produced by the l-th and p-th units in both the first and second 
scalers. 

The functions Gf^( ou ) and G^C^) are determined most easily as the Fourier 

transform of the time-averaged conditional correlation functions for the volt¬ 
ages u i(t) and u 0 (t). The latter, however, can be computed as was done 

SCX SC d. 

in an investigation of a CCKL with one sign-constant sequence of numbers. 

As a result of an analysis of the expression determining G (in) it can be 
concluded: ** 

(1) G^(u)) = f(q Q ) changes the same as in a CCRL with one sign-constant 
sequence of numbers. 

(2) The value G„(uj) in a CCKL with a sign-variable sequence of numbers, 


when , where is the ratio corresponding to the G^,(u)) 


(i) 1 


maximum, is approximately twice as g^eat as in a CCRL with a sign-constant 
sequence of numbers; however, this does not mean that, in all cases, the 
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dispersion of the rocket also will be greater since the transfer of the sign of 
the command is equivalent to an increase by a unit of the capacity of the code 
in a CCRL with a sign-constant sequence of numbers. 

(3) When the fluctuations in a CCRL with a sign-variable se- 

*o Wo I 

max 

quence of numbers are considerably greater than in a CCRL with one sign- 
constant sequence of numbers. 


(4) Opening of the rocket guidance circuit for the fluctuating com- 


/U80 


ponents of the signal occurs at virtually the same values as for the con¬ 
stant component of the received commands. 

(5) In order to decrease the influence of individual transmitted pulses 
and elimination of the random properties of conversion, it is necessary to take 
into account the recommendations given for a CCRL with a sign-constant sequence 
of numbers. 


(6) With an increase of the number of channels N^, the value G^ut) at the 
fixed frequency iw decreases. 


When determining the spectral density G^(id) for a CCRL with two sequences 

of numbers, it is necessary to proceed as in study of a CCRL with one sign- 
variable sequence of numbers. 


As a result of investigation of the derived computation formulas, it can 
be confirmed that the fluctuations in CCRL of the last two types, for the same 


interference level, are approximately identical for ratios 

So \ 9o 

max 

However, in CCRL with two sequences of numbers, the maximum value G^(u>) 

is somewhat smaller; this can .be attributed to the transmission of a large num¬ 
ber of pulses in the period T. 

The qualitative character of the dependence of G (0) on for all types 

q o 

of CCRL with pulse-code modulation, for a given value K a , is the same as for 

CCRL with pulse-counting and pulse-phase modulation. 

We note, in conclusion, that as a result of the usually insignificant 

discreteness of the dependence of [k ] and G_(u)) on K , when determining the 

n c 1 8 
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statistically equivalent filters for CCRL with pulse-code modulation, the step 


functions 

functions 
purpose. 


[K n ] c = f^(K & ) and G^(iu) = should be replaced by continuous 

of the argument K a , using well-known interpolation methods for this 
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CHAPTER 9. THE ROCKET AS AN OBJECT OF AUTOMATIC CONTROL. 
ROCKET AUTOMATIC PILOTS 


9.1. Rocket Equations of Motion 

The behavior Of a rocket as an object of automatic control is charac- /48l 
terized by a quite complex system of differential equations relating the 
change of the position of the control components to the parameters of rocket mo¬ 
tion (angles of attack, pitching and banking, the value and direction of the 
velocity vector, etc.). 

The complexity of the mathematical description of the spatial motion of 
the rocket and also the fact that, in many cases, the rocket is stabilized for 
banking and the control signals are transmitted through two independent chan¬ 
nels make it desirable to divide spatial movement into two plane movements: 
longitudinal and lateral. Such a separation makes it possible to make a de¬ 
tailed analysis of control systems. In the final elaboration of a control sys¬ 
tem, it is necessary to analyze the spatial movement of the rocket, especially 
for the solution of problems involved in rocket stability and evaluation of 
the effect of radio interference. This can be attributed to the fact that 
with separation of general motion into two plane motions, it is possible to 
neglect cross connections between the course, pitching and banking channels 
which in actuality exist and sometimes exert an important influence on the 
character of motion of the rocket. We note that in the spatial motion of a 
rocket as an object of control, the rocket constitutes an apparatus with sev¬ 
eral inputs and outputs. The rocket inputs are the changes of position of its 
control components and the outputs are the parameters characterizing its motion. 

The equations of longitudinal motion of a rocket can be obtained by as¬ 
suming that its motion occurs in a vertical plane, that is, that the plane of 

symmetry of the rocket ox-^y-^ is vertical and its velocity vector v at all times 

remains in this vertical plane. 

Figure 9*1 shows the position of the rocket in the vertical plane. /h82 

The figure also shows the forces acting on it in flight and the parameters 

characterizing its longitudinal motion. 

The following notations are used in the figure: ox^y^ is the related coor¬ 
dinate system, oxy is the flow coordinate system, T r is the thrust of the engine 

whose direction is assumed to coincide with the longitudinal axis of the rocket, 
Y is the lift, X is the force of head resistance, G = mg is gravity, a is the 
angle of attack, a? is the pitching angle, and 9 is the angle of inclination of 
the velocity vector. 
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Figure 9-1 


The angles and 0 are read relative to the nonrotating coordinate system 

ox y , whose origin o is situated at the center of mass of the rocket; the 
erer 7 

axes are parallel to the corresponding axes of the ground coordinate system. 

By projecting the forces G, X, Y and T r onto the ox and oy axes of the 
flow coordinate system, we obtain the equation of longitudinal forces 


mv = T r cos a - G sin 0 - X 


(9.1.1) 


and the equation of normal forces 


mv0 = T r sin a - G cos 0 + Y. 


(9-1.2) 


The equation of momenta relative to the lateral axis oz^ has the form 


J 




(9.1.3) 


Here J z ^ is the moment of inertia of the rocket relative to the oz^ axis, and 

M z -^ is the sum of the momenta acting on the rocket. 

In the three above equations, the unknowns are v, a, 0 and j?. As the 
still lacking fourth equation we use an equation for the relationship between 
the angles 


j? = 0 + a. 


(9.1.M 
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All the forces and momenta entering into equations (9-1.1), (9-1-2) and 
(9-1-3) can be expressed through the design elements of the rocket and the 
parameters of its flight regime. 

The thrust T r created by the jet engine of the rocket, in a general /483 
case, represents a function of three arguments 


T r = T r (v, p Q , t°), 

where p^ is the atmospheric pressure, and t° is the temperature of the sur¬ 
rounding medium. 

If the rocket has a jet engine, then, as is well known (ref. 13), 

T r = ( J w * 


Here G_ is the fuel consumption per second, w is the escape velocity of the 
combustion products, F a is the area of the exit section, and p a - p Q is the 
pressure difference in the exit section of the nozzle and in the atmosphere. 
The lift Y and the head resistance X are determined by the formulas 


Y=c,%S. 


X=c x ^-S, 


(9-1-5) 

( 9 - 1 - 6 ) 


where -EX- is the velocity head, S is the characteristic area (the area of the 

wing for rockets with plane symmetry and the midsection for axially symmetrical 
rockets), and c„ and c x are the lift and head resistance coefficients, respec¬ 
tively. 

For angles of attack a not exceeding 10-15°, 


* cyi, j 
c x = const, j 


(9-1-7) 


where c a is the derivative of the lift coefficient for an angle of attack not 

y 

dependent on a. 
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Then 


(9.1.8) 


r=C^Sa. 


The total aerodynamic moment consists of the static, damping and ac¬ 
tive torques. 

The static torque M Q is created by the lift effect. This torque charac¬ 
terizes the stability of the rocket relative to the angle of attack a. If the 
lift is applied behind the center of mass of the rocket, then < 0 and the 

rocket is stable. In actuality, with an increase of a, Y increases and as /W 
a result the rocket tends to turn in the direction of a decrease oi!| the 
angle of attack. If ^ > 0, which occurs in a case when Y is applied in front 

of the center of mass, the rocket is unstable. Rockets for which = 0 are 
called statically neutral. 

The value of the static torque is determined by the formula 




(9-1.9) 


where m= m a is the dimensionless coefficient of static longitudinal moment, 
Of z 

and l is the characteristic dimension of the rocket (the mean aerodynamic chord 
of the wing for rockets with plane symmetry or the length of the fuselage for 
axially symmetrical rockets). 


When the rocket rotates relative to the oz 


moment 




axis, there will be a damping 

( 9 . 1 . 10 ) 


Here ft is the dimensionless coefficient of the longitudinal damping 

moment. 


This moment is primarily the result of a change of the angle of attack of 
the hoiiizontal fins during the rotation of the rocket relative to the center of 
mass. Since the air medium hinders the rotation of the rocket,'the damping 
moment is directed in the direction opposite the rotation. 


The active torque created by turning of the control surfaces is 




(9-1.11) 
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is the dimensionless coefficient of the 


6 

In this expression m = m 6 

6 z r 

active torque and 6 r is the value of deflection of the control surface from a 
neutral position. 

By substituting M , M and M into the right-hand side of equation (9.1.3 ), 
we obtain ad 6 

Jj = Sl^ . (9-1.12) 


Hence we obtain 


d -(- 0 -)- a.a=OgS r , 


(9-1.13) 


ftiyZ 0 t/S/ 2 

where as=-— is the relative coefficient of aerodynamic damping, 

V J zx l 

a u = ■p-^-Sl is the relative coefficient of static stability, and /U 85 

m ' Z QV 2 n 1 

a » = JJ { L 2 “5/ is the relative coefficient of efficiency of the control surface. 

By substituting the values Y and X from expressions (9-1.8) and (9.1.6) 
into equations ( 9 - 1 . 1 ) and ( 9 . 1 . 2 ) and taking into account that the angle of 
attack does not exceed 10 - 15 ° , when sin a « a and cos a « 1, we rewrite the 
equations of longitudinal motion of the rocket 


mv—T — c x ^-S — GsinQ, 
r z 

mvb = TjP + c* y Sa — G cos 8, 

i> -j • tt’Ji -f- U a a. — 

» = 6 -j-a. 


(9.1.14) 


In equations (9.1.1*0 the values m, T r , G, c^, p, S, c°, a^, a^ and a^, 

in a general case dependent on time, are considered known in the solution of 
the problem of rocket motion. 

In these equations, the unknown variables are v, 0, d and a. The angle of 
deflection of the control surface in the analysis of the dynamic proper¬ 

ties of the rocket, as a link in the automatic control system, is given as an 
input action. In an investigation of the entire control circuit, 6 r also will 
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be an unknown value, determined by the parameters of the circuit and the con¬ 
ditions under which the rocket is used. 

The first and second equations of system (9.1.14) describe the motion of 
the center of mass of the rocket and determine, respectively, the relationship 
between rocket velocity v and thrust T r (velocity channel of the rocket) and 

the angle of inclination of the trajectory 9 and the angle of attack a (in¬ 
clination of the rocket velocity vector channel). The third equation of system 
(9-1.14) characterizes the angular motion of the rocket about its center of 
mass. 


Motions of the rocket along the normal to the trajectory and its angular 
motions about its center of mass are of the greatest interest for an analysis 
of the control circuit because the control system regulates these specific 

parameters. For this reason, the first equation of system (9.1.14) will not 
be considered hereafter. 


Introducing into the second equation of system (9*1.14) the notation 


we obtain 


T v = 


mv 


r r+ c 5T s 


(9.1.15) 


T v 6 



(9.1.16) 


The second term on the right-hand side of equation (9.1.16) is for m 
the gravitational effect. In the case of high flight velocities, the 
value of this term is small but it changes with a change of the angle 9. Since 

g 

changes of T y — cos 6 exert an insignificant influence on the character of the 
guidance process, hereafter we will assume this term to be constant and equal 
to its maximum value Aq = T v 

The value T y determines the rate of turning of the rocket for a particular 

angle of attack, thereby characterizing the maneuvering properties of the 
rocket. Because of this, T y sometimes is called the aerodynamic time constant 
of the rocket. 

In general, the value T y is a function of time and the flight regimes of 

the rocket. However, changes of T v in the course of guidance will be quite 

slow in comparison with the changes of the angles 9 and a. Therefore, in many 
cases in the investigation of rocket motion the value T v is "frozen," being 
considered constant for a particular flight regime. 
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Now we will transform the equation of moments (the third equation of the 

system (9.1.1^), excluding the pitching angle i? = 0 + a from it. Then 

a + ( 7 ^ + a ») a_ t“ a « — a = a t (& r + ^°)‘ (9.1*17) 

Here = cos 8 + j-jfc (f- cos is the adjusting angle of the control surface, 

caused by the necessity for compensating gravity. 

We introduce the notations 

«S = r + a ‘ - |r> (9.1.18) 

T v T; 

2</«> 0 =^ + a i , (9.1.19) 

where u)q is the natural frequency of oscillations of the angle of attack, and 
d is the coefficient of attenuation of these oscillations. 

In final form, equations (9.1.16) and (9.1.17) are written in the form 

Tj = <t-A 0 , (9.1.20) 

a + 2d<D 0 a + w o a = a j( 8 r + 8 o)- (9.1.21) 


The derived equations can be used for constructing the block diagram of the 
rocket for its longitudinal motion. 

In order to derive the transfer functions characterizing the lateral mo¬ 
tion of the rocket, it is necessary to derive equations in the first approxima¬ 
tion describing the motion of .the rocket in a horizontal plane similar to /487 
what was done for longitudinal motion. The process of writing lateral mo¬ 
tion equations has been described in detail in reference 7 . For this reason, 
we will discuss only certain peculiarities of lateral motion of a rocket. 

These peculiarities arise because the process of control of lateral motion will 
not be identical for rockets with different aerodynamic properties. For exam¬ 
ple, in the case of rockets with axial aerodynamic symmetry, a change of flight 
direction is accomplished by deflection of the rudder ^ ru( j and the resulting 

formation of the angle of slip a . The appearance of the angle a_ leads to the 

s s 

creation of a lateral force which turns the velocity vector. In most cases, 
banking in such rockets is held close to zero (y = 0) by ailerons. Under 
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these conditions, it can be assumed that the lateral motion of the rocket con¬ 
sists of two independent motions: course motion and banking motion. 

Course control of a rocket having plane aerodynamic symmetry by use of the 
rudder when = 0 is quite ineffective because the lateral force is created in 

this case only by the surfaces of the fuselage and the vertical fins so that 
its value will be extremely small in comparison with the lift. 

Therefore, course control of a plane-symmetrical rocket is accomplished by 
changes of the banking angle, and the rudder is used for maintaining the angle 
of slip arising during rocket banking to a zero value (coordinated turning). 
Thus, in rockets with plane symmetry, the lateral force changing the flight 
direction is created by the horizontal component of lift appearing during bank¬ 
ing of the rocket. 


9.2. Rocket Block Diagrams 

It was mentioned before that the coefficients entering into equations 
(9-1-20) and (9.1.21) are dependent on time and on the flight regime of the 
rocket. In constructing a block diagram, it is customary to apply to it the 
principle of "freezing" of the coefficients. This simplifies the problem of 
investigation of the system of equations. Such an investigation naturally can 
give only an approximate idea of the behavior of a rocket during its guidance 
to a target. 

Writing equations (9.1.20) and (9-1.21) in symbolic form, we obtain 


® Aq, 

(D 2 + 2d<o 0 D + <«*) a = a, (& r + 8 0 ). 


(9.2.1) 

( 9 . 2 . 2 ) 


Figure 9.2 shows a block diagram constructed on the basis of equations 
(9.2.1) and (9.2.2). Figure 9-2 shows that the block diagram of a rocket / 4S8 
moving in a vertical plane consists of oscillatory and integrating links. 

The oscillatory link with the transfer function 


W*_(D) 

6 


«(Q_ a » 

V*) D* + 2d» 0 D + »l 


(9.2.3) 



Figure 9-2 


550 


Digitized by LjOOQle 





establishes the relationship between the angle of attack a and the deflection 
of the elevator 6 r , and the integrating link having the transfer function 




1 


_ *>«) 

a (/) T V D 


(9.2.10 


relates the change of the angle of inclination of the trajectory 0 to the de¬ 
flection of the angle of attack a. 


Using equations (9.2.3) and (9.2.1+) and taking into account the relation¬ 
ship between the angles i? = 0 + a, it is easy to obtain the transfer functions 
of the rocket W q (D) and W $ (D) relating the angle of deflection of the con¬ 


trol surface to the angle of inclination of the trajectory 0 and the pitching 
angle $ 


\V7 , (£)) — JLilL —- Vt u - 

e - K ’ »<0 D(D ' 2 + 2rfw 0 D + <05) * 

0 X 

ft (() (T V D + l)* v <05 

w» (D) = ru\=— -— 

- V 0 D [D* + 2dm 0 D + mi) 

6 


(9.2.5) 

( 9 . 2 . 6 ) 


where k v = —_ is the "gain coefficient" of the rocket for the pitching chan- 
r T v u >2 

nel and has the dimensionality l/sec. 


The presence of the factor D in the denominator of the transfer functions 
(9-2.5) and (9-2.6) indicates the integrating properties of the rocket as an 
object of control in relation to flight direction, characterized by the angle 0 
and the position of its longitudinal axis In particular, this means that 
with deflection of the control surface by a constant angle, the direction of 
flight will change continuously. In a steady-state regime, that is, after at¬ 
tenuation of transient processes caused by the factor enclosed in parentheses, 
the value Q will change proportional to the time elapsing from the time of 
deflection of the control surface. If the control surface now is returned to 
its initial (zero) position, the new steady-state value Q will differ from its 
initial value. 


It sometimes is desirable to have the available normal accelerations /b&9 

j = v0 as an output parameter. The transfer function W - (D), relating 
n J n 

V 

j to deflections of the control surface, has the form 
n 


WjJD) 

6 „ 


Vky 


VyTO 


D2 4- 2d(*r ) D -f- a>5 


(9-2.7) 
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The value vk v is called the controllability of the rocket. It shows by 
v r 

how many times normal acceleration changes with deflection of the control sur¬ 
face by one radian. It should be noted that the controllability of the rocket 
is dependent on its velocity. 


The transfer functions of an axially symmetrical rocket, characterizing 
the changes of its course during lateral motion, will be similar in form to 
the transfer functions for longitudinal motion. 


For example, the transfer function W ^ (D), relating the angle of yawing 


rh 


(course) of the rocket to the deflection of the rudder 6^ has the form 


W^(D) = 
6 rh 


+ »)*Vrh "4 

D (° , + 2 'VblP t "ojl ' 


( 9 . 2 . 8 ) 


and the transfer function W a (D), establishing the relationship between the 



angle of slip a s and the change of the angle 6^ , is expressed by the formula 


l VaiD) = —--^-j— 

—S v £2 + 2 rf<o D + <o 2 

6 h h 0 h Oh 


(9-2.9) 


The subscript "h" on the coefficients of the transfer functions (9.2.8) and 
(9.2.9) indicates that these coefficients were computed for the motion of the 
rocket in a horizontal plane. For rockets with cruciform wings, they do not dif- 
fer, for all Intents and purposes, from the coefficients of the transfer func¬ 
tions for longitudinal motion. Comparing formulas (9-2.3), (9-2.9) and (9-2.7), 
(9.2.8), it is easy to note that the angle \]/ of lateral motion corresponds to 
the pitching angle t? in longitudinal motion and the angle a g to the angle a. 

Therefore, the angle of inclination of the trajectory 0 = t? - a will correspond 
to the angle 0^ = \|r - a s , characterizing the direction of flight in a horizontal 

plane. The transfer function of a rocket with the output coordinate 0, is simi- 

h 

lar to expression ( 9 . 2 . 5 ). The same can be said with respect to the transfer 
function for normal acceleration. 


We note that, whereas the factor D in the denominator of (9-2.6) is 
obtained on the assumption of a constancy of rocket flight velocity, the 
similar factor in (9.2.8) is caused by the property of neutrality of the rocket 
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in relation to the angle \|r. In particular, this means that if the rocket is 
deflected from its initial course under the influence of external perturba¬ 
tions, after the cessation of their effect the initial course is not restored. 


The banking channel for the considered type of rocket is autonomous in 
relation to the principal control channels. The transfer function establishing 
the dependence of the banking angle y on the angle of deflection of the aile¬ 
rons 6 o has the form 
a 


W, (D) 
6 


Yb(0 

V'> 


D ( T^D + 1 ) 


( 9 . 2 . 10 ) 


a 

where k^ is the "gain coefficient" of the rocket for the banking channel, and 
T^ is the time constant of the rocket for the banking channel. 

The values k^ and T are expressed through the aerodynamic moments and the 
moment of inertia of the rocket relative to the ox^ axis in the following way 


M a 

X 


M * 

X 


t * _ jx\_ 

1 T — u> 1 

M* 


u>X 

where ^ is the derivative of the damping moment for the angular velocity of 
6a 

banking, ^ is the derivative of the torque created by the ailerons, and J x ^ 


is the moment of inertia of the rocket relative to the ox^ axis. 

On the basis of expressions (9.2.8), (9.2.9) and (9-2.10), it is easy to 
construct block diagrams reflecting the process of lateral motion of an axial¬ 
ly symmetrical rocket. 


The lateral motion of a rocket with plane aerodynamic symmetry is de¬ 
scribed by two transfer functions. One of them (D) relates the angle of 

6 a 

deflection of the ailerons 6 a to the banking of the rocket y^, the other W^(D) 

Y 


relates the angle y^ to the yawing angle \|/. The expression for the first 
transfer function was obtained earlier (9.2.10). 

The second transfer function is equal to (ref. 7) 


W*(D) = - 


+ <0 


7.(0 

b 


\ D 


(9.2.11) 
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Figure 9.3 


We note that the minus sign in formula (9.2.11) is caused by the rule of 
taking into account the signs of the angles. The angle \|r is considered posi¬ 
tive when the turning of the axis of the rocket is to the left and the angle of 
banking is to the right. 

The block diagram of the lateral motion control channel for a rocket /h-91 
with plane aerodynamic symmetry is shown in figure 9*3. The transfer func¬ 
tion for lateral motion of the rocket Wy (D) is equal to 

~a 


W ± (D) 

a 


'MO __ *Tt>h 
MO D*(TD + 1) • 


( 9 - 2 . 12 ) 


We note in conclusion that the angle \|r in formulas (9*2.11) and (9.2.12) 
indicates both the direction of the longitudinal axis of the rocket and the 
direction of its flight in a horizontal plane, since it was assumed that a s = 0 . 


9.3. Functional Diagram of the Automatic Pilot 

The automatic pilot is part of a control system whose elements are related 
directly to the control components of the rocket. It is designed for stabili¬ 
zation of the angular motions of the rocket relative to the center of mass and 
the control of the motion of the center of mass itself in accordance with the 
commands arriving from the radio apparatus aboard the rocket. 

The rocket is a relatively complex object of automatic control. Effective 
control in a dynamic system such as a rocket is possible only when there is a 
high perfection of the controller, whose role is performed by the automatic 
pilot and electronic apparatus. 

The most important characteristics of a rocket as an object of control 
are stability, characterized by its capability of returning to the initial 
flight regime after termination of a perturbation, and controllability, deter¬ 
mined by the reaction of the rocket to the controlling signal. In a certain 
sense the requirements on the stability and controllability of a rocket are 
contradictory. For example, an attempt to increase the reserve of stability 
of the rocket due to a change of its aerodynamic characteristics frequently 
is reflected unfavorably in controllability and vice versa. Therefore, an 
increase of rocket stability with respect to certain parameters and the in¬ 
troduction of the necessary damping (when the damping of the rocket is small) 
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Commands 
Figure 9.4 


can be brought about artificially--by introducing additional signals into the 
control command. These signals are proportional to those parameters of motion 
of the rocket which exert an influence on rocket stability and ensure the 
attenuation of transient processes. These additional signals are formed /492 

by the set of measuring instruments included in the automatic pilot. 

In addition, the automatic pilot includes measuring instruments producing 
signals used for stabilization of the rocket in its angular motions if such 
stabilization is necessary. Thus, for example, in the case of guidance of an 
axially symmetrical rocket from a control point, it should be stabilized for 
banking because its rotation around its longitudinal axis will lead to disrup¬ 
tion of matching of the axes of the command and control coordinate systems, 
which in turn causes a disruption of the guidance process. 

The automatic pilot of a rocket, whose functional diagram is shown in fig¬ 
ure 9.4, includes sensing elements, conversion-amplification apparatus, control 
apparatus (control surface mechanisms) and master controls. The sensing ele¬ 
ments of the automatic pilot are used in measuring the necessary parameters of 
motion of the rocket and formihg additional control signals. The conversion- 
amplification apparatus converts the measured values, sums them and amplifies 
them, thereby forming controlling signals which are fed to the control appara¬ 
tus. The control apparatus acts on the control surfaces of the rocket. 

Command signals from the output of the radio apparatus aboard the rocket 
are fed either to the actuating mechanisms, which under their influence change 
the tuning of the measuring system of the sensing elements, or are fed direct¬ 
ly to the conversion-amplification apparatus. In addition, the actuating 
mechanisms are used for introducing programmed signals and commands. Each 
automatic pilot usually has three control channels: pitching, course and 
banking. 
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A special requirement imposed on the automatic pilot, related to its /493 
use in an object of one-time operation, is a requirement on the reliability 
and simplicity of its operation. The number and character of the group of 
sensing elements, being the most complex and precise part of the automatic 
pilot, are determined by the types of problems to be solved and should facili¬ 
tate the attainment of the stipulated quality of control of the rocket- 
automatic pilot system. 


9.4. Sensing Elements of the Automatic Pilot | 

j 

Position and velocity gyroscopes, linear acceleration sensors (accelerom¬ 
eters) and instruments for measuring velocity head are used as the sensing ele- 1 
ments of automatic pilots in most cases. 

A position (three-power) gyroscope is used for measurement of the angular 
deflections of a rocket relative to some fixed frame of reference (fig. 9*5)• 

The gyroscope rotor 1 is attached in two frames 2 and 3 of a gimbal suspen¬ 
sion having free rotation relative to the axes o m x m and o m z m . The rotor ro¬ 
tates with the angular velocity relative to the o m y m axis, called the main 

axis of the gyroscope. 

The use of a position gyroscope as a measuring instrument is based on the 
property of stability of its main axis in the absence of external moments so 
that the position of the main axis can be used as the origin of some coordinate 
system. 

If such a gyroscope is installed on a rocket, its turning in space leads 
to a turning of the main axis of the gyroscope relative to the body of the 
rocket. Depending on the position of the gyroscope axes relative to the axes 
of the related coordinate system, a position gyroscope can be used for meas¬ 
urement of the course, pitching or banking angles. Accordingly, such gyro¬ 
scopes are called course, pitching or banking gyroscopes. 

In order to obtain an instrument analog of the measured angle, the gyro¬ 
scope is connected to some kind of pickup. These can be of various types 
(potentiometric, capacitive, inductive, etc.). Figure 9*5 shows a banking 
gyroscope with a potentiometric pickup. The body 4 of the potentiometric 
pickup is connected to the body of the rocket and the slide 5 is connected to 
the o m x m axis of the outer frame of the gyroscope. Prior to launching of the 

rocket, the gyroscope is locked in such a position that the directions of its 
axes coincide with the directions of the axes of the related coordinate sys¬ 
tem; the o m x m axis is directed along the longitudinal axis of the rocket. In 

this case, a zero voltage is fed from the potentiometric pickup. At the /frfo 
time of rocket launching, the gyroscope is unlocked. If the rocket assumes 
some banking angle y^ relative to its position corresponding to the time of the 

launching, the potentiometer slide is moved relative to its body. The voltage 
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Figure 9-6 


from the potentiometer in a steady-state regime will be proportional to the 
angle Banking and yawing gyroscopes are designed in a similar way. 

If the rocket flight continues for a considerable time, there will be ap¬ 
preciable departures of the main axis of the gyroscope caused by various per¬ 
turbing moments. In order to decrease these departures, the position gyro¬ 
scope is supplied with a correction system which returns the main axis to the 
required position. 

Henceforth the position gyroscope, as an angle-measuring instrument, will 
be characterized by the transfer coefficient k with a subscript for the angle 
which it measures. 

A velocity (two-power) gyroscope is designed for measurement of the an¬ 
gular velocities of the rocket relative to the related axes ox^, oy^, oz^. 

Figure 9.6 is a diagram of a velocity gyroscope. The rotor 1 of the gyroscope 
rotates around the axis oy^, attached to the frame 2. The axes of rotation 

of* the rotor and frame of the gyroscope are perpendicular to that axis of the 
rocket relative to which its angular velocity is measured. The gyroscope 
shown in figure 9*6 is designed for measurement of the angular velocity of 
pitching of the rocket. With -the turning of the rocket about the axis oz-^ 

with an angular velocity t? a gyroscopic moment develops which tends to turn 
the frame and the rotor relative to the ox^ axis. The value of this moment is 

proportional to the angular velocity d and the sign is dependent on the direc¬ 
tion of rotation. 

The gyroscope frame begins to experience precession under the influence 
of the applied moment. The spring 3 counteracts the precession of the gyro¬ 
scope. With the deformation of the spring, a counteracting moment develops 
which is proportional to the angle of deflection of the frame, which equalizes 
the gyroscopic moment. When these moments are equalized, there will be no 
further motion of the frame. Therefore, the angle by which the gyroscope 
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Figure 9*7 


frame is deflected will be proportional to the angular velocity of rotation of 
the rocket. The damper 4 is used for damping the possible oscillations of the 
system. A voltage proportional to the angular velocity of the rocket is fed 
from the pickup 5. 

The linear accelerations or overloads acting on the rocket are measured by 
linear acceleration pickups--accelerometers. The design and circuitry of /495 
accelerometers can be quite different. Figure 9*7 is an example of a linear 
acceleration pickup whose principle of operation is based on the change of the 
position of a weight, balanced by a spring, under the influence of the external 
medium. The weight 1 of the mass m is balanced by the spring 2. The weight is 
moved under the influence of the applied weight. The movement of the weight 
counteracts the spring and it is stopped when the force of the counteraction of 
the spring becomes equal to the external force. Thus, for a given mass of the 
weight m its deflection from a mean position will be proportional to the effec¬ 
tive force and therefore to the acceleration developed by the rocket in the 
direction of movement of the weight. The mentioned displacement is measured by 
the pickup 4. The damper 3 is used for eliminating oscillation of the weight. 
The accelerometer is placed on the rocket in such a way that the direction of 
movement of the weight coincides with that axis of the rocket along which ac¬ 
celeration is measured. 

The voltage measured by the pickup in a steady state will be 


u. 
jn 


= k j 
a u n 


where k a = - is the transfer constant of the accelerometer, k, is the trans« 

m 7 tr 

fer ratio of the pickup, c is the stiffness of the spring, and m is the mass of 
the weight. 

Since normal acceleration is related to the overload n by the following 
Jn 

dependence n = —, it can be said that the accelerometer measures the over- 

g 

loads acting on the rocket. If the measurement axis of the accelerometer lies 
in the plane of operation of an aerodynamic force, such as lift, it is easy to 
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show that in the case of small angles of attack and a constant rocket velocity 
the accelerometer readings will be proportional to these angles of attack. 


9.5* Automatic Pilot Control Apparatus 

In the classification of control apparatus, it is customary to take into 
account the form of energy which is used for movement of the control compo¬ 
nents. On the basis of this criterion, it is possible to distinguish the fol¬ 
lowing types of control apparatus: 

(1) pneumatic; 

(2) hydraulic; 

(3) electrical, divided in turn into electric motor and electromagnetic. 

The selection of the type of control apparatus is determined by the /I +96 
required power of the control components, the admissible values of signal 
delay in the control surfaces channel, the type of current available aboard the 
rocket, the flight duration of the rocket, etc. 

A pneumatic control apparatus is of relatively small size and weight but 
its use involves expenditure of a large quantity of compressed gas. Such a 
drive, therefore, can be used in rockets of a relatively short effective range. 
The compressed gas is fed either from cylinders carried aboard the rocket or 
it can be obtained from a separate, slowly burning cordite charge which is 
ignited at the time of rocket launching. 

A hydraulic control apparatus has a shorter lag in producing a controlling 
signal and is capable of overcoming great loads. However, the weight of a 
hydraulic system exceeds the weight of a pneumatic system. 

Electrical control apparatus is quite general-purpose in use and is char¬ 
acterized by simplicity of the channelization of the energy fed to it. At the 
same time, its use on a rocket requires the presence there of a quite powerful 
current source. 

A hydraulic control apparatus, shown diagrammatically in figure 9-8> com¬ 
bines a hydraulic amplifier and an actuating element (servomotor). The working 
fluid is fed under pressure into channel 1. If the position of the valve 2 is 
such that both entrances of the channel 3 of the working cylinder are shut off, 
the piston k and the output rod will be fixed in position. With displacement 
of the valve to the left of its initial position, the working fluid will be fed 
under pressure into the channel 5 and then into the left cavity of the working 
cylinder. The right cavity of the working cylinder in this case will communi¬ 
cate with the drain channel 6. Due to the pressure difference, the working 
cylinder together with the output rod will be moved to the right. If the valve 
is displaced to the right of its initial position, the working fluid will be 
fed under pressure through the channel 7 into the right cavity of the working 
cylinder. The piston together with the rod will move to the left. The /497 
rod control of the valve mechanism is accomplished by use of an electromagnet 
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EM which has two windings. A controlling voltage u^, is fed to one of the 

windings. The second winding is used for decreasing the zone of stagnation of 
the drive characteristic. This winding is fed an alternating voltage of small 
amplitude. Under the influence of this voltage, the valve undergoes small 
oscillations. Such an apparatus improves the linearity of the drive. 

In order for the deflection of the rod of the working piston to be propor¬ 
tional to the controlling voltage, a rigid feedback is introduced into the 
apparatus. Such a feedback can be designed, in particular, in the form of a 
lever transmission 8, connecting the output rod to the body of the valve 
mechanism. With displacement of the valve to the right, the piston begins to 
move to the left. Movement of the piston and rod by the lever causes move¬ 
ment of the body of the valve to the left. This movement will continue until 
the entrances are again covered. Movement in the system ceases. 

If the feedback is eliminated, with certain simplifying assumptions, the 
considered servodrive is equivalent in its dynamic properties to an inte¬ 
grating link (ref. 30). This means that the rate of movement of the working 
rod x rQ( j will be proportional to the linear displacement of the valve x ya p 

that is 


rod 


= \ 


y val J 


(9-5-1) 


where k^ is the proportionality factor determined for the most part by the 
design of the hydraulic amplifier. 

The transfer function W, (D) of the servodrive without a feedback will be 
equal to ^ 


V D) 


x rod _ ^hy 
x val ' D ' 


(9.5-2) 
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When a rigid negative feedback with the transmission ratio i = -r— is used 

2 

with the mentioned link, it is transformed into an inertial link with the 
transfer function 


where 


W hv (D) 

F 1< D > - 1 7 l (D) 

hy 


T dr D + i' 


(9-5.3) 




i* 


We will assume that the movement of the valve x va ^ is related linearly to the 

controlling voltage u^,, that is, x va ^ = k va ^u^, and the angle of deflection of 

the control surface 6 r is proportional to the movement of the working rod, 

that is, 6^ = k ,x ,. Then the transfer function of the control sur- /kty 

’ r rod rod 1 —— 

face drive with a control surface apparatus of the hydraulic type can be writ¬ 
ten as 



dr 


T dr D + 1' 


(9-5.4) 


where k, = k.k ..k , is the transfer constant of the drive, 

dr 1 val rod 

The apparatus for pneumatic drive of the control components of the rocket 
in many respects resembles the hydraulic servomotor considered above. As the 
amplifiers in this case, choke-coupled and jet amplifiers are used. Since the 
diagram of a pneumatic servomotor with a choke-coupled amplifier is virtually 
the same as the diagram for the earlier discussed hydraulic servomotor (fig. 
9-8), as an example, we will consider a servodrive with a jet amplifier. Such 
amplifiers are used in systems operating at relatively low pressure. 

Figure 9*9 is a diagram of this drive. The jet tube 1 is rotated about 

the axis o by the electromagnet EM to which is fed a controlling signal u and 

Z 

a feedback signal. In the absence of the mentioned signals, the jet tube is 
set precisely at the midpoint between the inlets of the receiving channels 2 
and 3 by means of the springs S^ and S^. In this case, the pressure in the 

right and left cavities of the pressure cylinder will be identical and the 
piston 4 will remain fixed. 
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Figure 9-9 


With the turning of the jet tube under the influence of a controlling 
cylinder, more compressed gas will be fed into one cavity of the pressure 
cylinder from the nozzle of the jet tube than into the other. The developing 
pressure drop causes movement of the piston and of the working rod. The rod 
is connected to the control surface and to the slide of the feedback poten¬ 
tiometer The feedback voltage u^ is fed to the winding of the feedback 

of the electromagnet EM, wound opposite to the turns of the controlling signal 
winding. When the total ampere turns become equal to zero, the jet tube is 
set in the initial position and the piston no longer moves. 

It can be shown that the dynamic properties of the considered drive also 

are described by the transfer function of an inertial link similar to ( 9 . 5 .U). 

The transfer constant of the drive k_ and its time constant T,^ are determine 

dr dr 

by the particular design of the pneumatic engine. M 

The actuating mechanism of the electric motor drive is a dc or ac motor. 
As a power amplifier the dc motor uses electrical and relay amplifiers. For 
amplification of the power in an ac drive, it is more convenient to use mag¬ 
netic amplifiers. 

* 

The functional diagram of a dc electric motor drive is shown in figure 
9.10. The controlling voltage u^, is fed to the power amplifier PA and then to 

the armature of the motor M which is connected through the reducer Red to a 
control surface and the feedback potentiometer P^. The feedback voltage u^ 

is subtracted from the controlling voltage and therefore, in a stationary 
regime, the angle of deflection of the control surface will be proportional to 
the controlling signal u^. If it is assumed that the transfer function of the 

motor is expressed by the formula 
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(9.5.5) 


KV>) = 


*M 


M 


D( TD -I- 1) 


where k^ is the transfer constant of the motor, T is the time constant of the 

motor, and the remaining elements of the drive are inertialess, the transfer 
function of the drive is written as 


F(D) 


*1 

TD 1 + D + A, 


(9.5.6) 


Here = kp^k^kp^ is the amplification factor of the open drive system, kp A 
is the transfer constant of the power amplifier, kp ^ is the transfer constant 
of the reducer, k^ = k^k^ the feedback amplification factor, and k^^ is the 
transfer constant of the feedback potentiometer. 


In the case of a small time constant T of the motor, when the condition 
Tk^ « 1 is satisfied, the electric motor drive in its dynamic properties is 


equivalent to an inertial link with the transfer function 


/5QQ 


F(D) = T * dT + 1 ’ 

U S i dr 1J + 1 


(9-5-7) 


1 

where k, = -— is the transfer constant of the control surface channel, and 
dr k p 9 

1 

T^ r = — is the time constant. 

An electromagnetic drive is used on rockets where the control components 
are spoilers. Figure 9«Ha shows the diagram of an electromagnetic actuating 
apparatus. The spoilers Sp-^ .and Spp are rigidly connected to the armature Arm 

of the electromagnets EM-^ and EM^. If the drive circuit is de-energized, the 


armature is held in a neutral position by springs. 


Bipolar voltage pulses u 


P 



Figure 9-10 
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(fig. 9*Hb) are fed to the winding of the polarized relay PR. These pulses 
control the position of the polarized relay armature. In the case of a posi¬ 
tive voltage wave the armature of the PR relay is thrown upward and the con¬ 
tacts Con^ of the power relay Rel are triggered. As a result, a current is 


fed to the winding of the electromagnet EM^ and the spoiler plate is moved up¬ 
ward. In the case of a negative wave of controlling voltage, the armature of 
the relay PR moves onto the lower contact, triggers the power relay Rel^ and 


through its contacts Con^ the winding of the electromagnet EM^ is cut in. The 


spoiler plate moves into the lower position. 


The law of movement Al = Al(t) of the spoilers is illustrated in figure 
9.11b. It can be seen from the time diagram that the pulses Al(t) differ from 
square pulses. This can be attributed to the influence of considerable in¬ 
ductance of the windings of the electromagnets. However, if the duration of 
the shortest pulse at the input of the polarized relay exceeds the triggering 
time of the electromagnet, the resulting durations of positive and negative 
pulses T and T^ (fig. 9*lib) are approximately equal to T n and T 0 , respec- 

1 CL 

tively. Since the polarized relay, power relays and electromagnets are /^Cl 
not triggered instantaneously, there is a lag r between the controlling 

voltage fed to the drive and the deflections of the spoiler. 


Applied to the considered type of control components, we introduce the 
concept of mean deflection of the spoilers, expressed by the formula 


6 


mean 



(9.5.5) 


where 6 m is the maximum deflection of the spoiler plate. 
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If it is assumed that the input of the drive apparatus is fed the command 
K(t) = T^ - T^, taking into account the lag of operation of the control com¬ 
ponents of the rocket in comparison with the output signals, we obtain 


®mean 


is K(t 
T 



(9.5.9) 


The value of the lag T-^ a g is determined by the type and design of the re¬ 
lays and electromagnets used. In many cases, in an approximate analysis, the 
lag is not taken into account. Then the actuating apparatus will be char¬ 

acterized by the transfer constant 



(9.5.10) 


In a case when spoilers are used the controlling voltage is applied in the 
form of a slowly changing function of time; it must be converted into bipolar 
pulses of the duration T and T^. 


9.6. Actuating Apparatus of the Automatic Pilot 

In most cases, the actuating apparatus in the automatic pilot of an air¬ 
craft plays an auxiliary role. In the automatic pilots of rockets, it is of 
extremely great importance due to the complete automation of flight control. 

The actuating apparatus is designed for change of the flight regime in accor¬ 
dance with a prestipulated program or in conformity to controlling signals fed 
from the output of the electronic apparatus carried aboard the rocket. 

The simplest programming apparatus cuts in and cuts out the individual 
components of the apparatus aboard the rocket upon completion of a definite, 
preset time. It consists of a timing mechanism and cam gears with contact 
groups. The timing mechanism usually used is an electric motor with a stabil¬ 
ized rate of rotation. 

A more complex actuating apparatus performs reorganization of the automa¬ 
tic pilot for the purpose of changing the flight regime of the rocket. As /502 
an example, we will consider the programming apparatus for changing the angle 
of pitching of a ballistic rocket (ref. 4). The slide of the potentiometer of 
the base mechanism 2 (fig. 9*12) is attached to the gyroscope 1. In the initial 
position (in the case of vertical launching) the slide is situated opposite the 
midpoint of the potentiometer and the voltage fed from it is equal to zero. 

The position gyroscope is oriented in such a way that its measurement axis 
coincides with the longitudinal axis of the rocket. If for any reason the 
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longitudinal axis of the rocket is deflected from its initial (vertical) posi¬ 
tion, a mismatch voltage is formed between the houding of the potentiometer 
(related to the position of the longitudinal axis of the rocket) and its slide. 
After amplification, this voltage is fed to the control surfaces drive. The 
control surfaces are deflected in such a way that the longitudinal axis of the 
rocket returns to its initial position. 

After some time, the motor of the programming apparatus 3 begins to turn 
the base which supports the potentiometer housing at a fixed velocity relative 
to the body of the rocket. This causes formation of a mismatch signal which, 
when fed to the control surfaces, causes the longitudinal axis of the rocket to 
begin to turn relative to the initial position at approximately the same 
velocity. 

If the angular position of the rocket relative to some fixed direction 
should be changed not in conformity to a program, but in accordance with com¬ 
mands formed by the control system, a similar base mechanism can be used for 
returning the measuring system of the sensing element. However, in this case, 
the turning of the base should be accomplished by a motor which is controlled 
by the formed commands, rather than by a timing mechanism. 


9.7- Rocket Banking Control Channel 

In the guidance process, as a result of the effect of different ran- /903 
dom perturbations, there can be changes of the angular position of the rocket 
relative to its center of mass. It is quite probable that there will be rota¬ 
tion of the rocket about its longitudinal axis because the moment of inertia 
relative to this axis is relatively small. 

In the case of the rotation of an axially symmetrical rocket about its lon¬ 
gitudinal axis in some control systems, such as beam-riding guidance or a com¬ 
mand control system, there will be a change in the operation of the control 
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surfaces: the rudder begins to perform the function of the elevator and vice 
versa. Therefore, steps must be taken to ensure the normal controllability of 
the rocket during the entire time of its flight. Stabilization apparatus 
preventing the rotation of the rocket about its longitudinal and lateral axes 
and apparatus ensuring the introduction of corrective signals to the control 
surfaces with a change in the direction of their control planes are used for 
this purpose. 

Next, for the sake of brevity, we will refer to the first group of appara¬ 
tus as apparatus for stabilization of the axes of a rocket in space, and the 
second group will be referred to as apparatus with automatic change of opera¬ 
tion of the control surfaces. In axially symmetrical rockets, the lateral 
stabilization systems usually are autonomous in relation to systems for control 
of the position of the center of mass of the rocket. 

With respect to rockets with plane aerodynamic symmetry, when the control 
of the lateral motion of the center of mass of the rocket is accomplished by 
banking, the lateral stabilization is necessary so that the banking angle will 
change in conformity to a law determined only by the controlling signals. 

Figure 9-13 is the block diagram of a system for control of banking. The 
deviation of the banking angle from the stipulated value y^ s is fixed by a 

sensing element; a banking position gyroscope (gyro-vertical) is used for this 
purpose. The transfer constant of the measuring instrument, relating the ac¬ 
tual value of the banking angle y to its measured value y L , will be denoted 

b bm 

kq . In addition, we will assume that the inertia of the drive of the ailerons 

Y 

can be neglected in comparison with the inertia of determination of the banking 
angle of the rocket itself, that is, in the earlier derived formulas for the 
transfer functions of actuating apparatus of different types, we assume T^ = 0, 

and the conversion properties of the drive will be characterized by the trans¬ 
fer coefficient k . 

dr 

In the regime of control of banking, the stipulated value Y^ sm > rep- /50h 

presented in the form of a voltage or the angle of rotation of the base of the 
actuating apparatus, is changed in conformity to the change of the control 
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commands. In the regime of stabilization of banking, this value remains 

constant and is proportional to the value of the angle of banking y which 

bs 

the rocket had at the time of unlocking of the position gyroscope if the latter 
does not have correction of the vertical. When there is such a correction 
y^ s will be equal to zero. 

The transfer function of the channel for control of banking W ^(D), re- 

Ybs 

lating the stipulated value of the angle of banking to its true value, will be 
equal to 




_i 


_ 

x* T *T 


bs 


T^D* + + ^ M, 


lr T lT 


(9-7.1) 


It follows from formula (9.7.1) that the system for stabilization of bank- 
ing, together with the rocket, forms an oscillatory link. The process of set¬ 
ting the banking angle of the rocket occurs in the following way. With deflec¬ 
tion of the banking angle y from the stipulated value, a difference signal 


Ybsm “ Y^ rn appears at the summer output; after amplification, this difference 


signal is fed to the control surfaces mechanism. The control surfaces mech¬ 
anism deflects the ailerons until the feedback signal of the control surfaces 
channel becomes equal to the mismatch signal y^ . In the case of small angles 


of banking, the angle of deflection of the ailerons will be proportional to the 


mismatch y 


bsm 


- V 


bm 


Deflection of the ailerons leads to a banking moment which will return the 
rocket to the initial position. As the banking angle is restored to the stipu¬ 
lated value, the angle 6 will tend to 0. All the time that the ailerons are 
7 a 


deflected in one direction, the rocket will be acted upon by a moment of a 
single sign, also causing acceleration of the same sign. Therefore, the angu¬ 
lar velocity of the rocket about its longitudinal axis increases, which leads 
to an increase of the moment of the natural damping of the rocket, whose sign 
is opposite the sign of the acting moment. 


Usually the natural damping of rockets is small and the total moment does 
not change its sign. Therefore, with return of the rocket to the initial posi¬ 
tion, the angular velocity of its rotation relative to the longitudinal axis 
will differ from zero. As a result, the angle of banking passes through the 
stipulated value and changes its sign. Thus, the process of setting the bank¬ 
ing angle will have an oscillatory-attenuating character. It is easy to find 
the parameters determining this process. We reduce expression (9-7-1) to the 
form 


VP tn \—_ 

f& ( )_ D* + 2rf %l Z> + , 
bs 


’ob 


(9.7.2) 
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where 



Figure 9-1^ 


,/V.A . .. 

»ob= y — f — is the 


natural frequency of rocket banking oscillations. 


and 


d= 


: v / V.''T r . 


is the attenuation factor. 


/505 


fer 


The adjustable parameter in a banking control system usually is the trans- 
constant k^ of the sensing element. It follows from (9-7*2) that, for 


an increase of attenuation of the transient process, this coefficient must be 
decreased. However, it can be shown that, with a decrease of k]_ , there is an 


increase of the error which sets in under the influence of the constant per¬ 
turbing moment. It therefore is unfeasible to use this approach for obtaining 
the desired characteristics of the banking control system. 


The best results are obtained using the signal of the derivative of the 
banking angle in the feedback circuit. Such a signal is formed by a velocity 
gyroscope. The block diagram of a banking control channel with introduction of 
a banking signal and its derivative is shown in figure 9.1^- Here the conver¬ 
sion properties of the velocity gyroscope are characterized by the transfer 

function W-(D) = k»D. 

Y Y 

It is easy to show that in this case the structure of the transfer func¬ 
tion of the banking control channel is maintained, but there is a change of the 
value of the attenuation factor. It will be equal to 


d=-- 


k^k k; 
dr t t 


2 ^V.,V, 


(9-7.3) 


By changing the value k^ within quite broad limits. 


it is possible to 


change the character of setting of the banking angle. The cited example shows 
that by use of an additional signal, formed in the automatic pilot, it is pos¬ 
sible to change the dynamic characteristics of the rocket-automatic pilot sys¬ 
tem without changing the aerodynamic configuration of the rocket. 
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Figure 9*15 


The important factor in operation of apparatus with automatic change of 
operation of the control surfaces is that, by their use, it is possible to en¬ 
sure conversion of the control commands fed to the control surfaces of the />jc 
course and pitching channels, in accordance with the value of the banking 
angle of the rocket. This conversion is accomplished in such a way that the 
vectors of the aerodynamic forces and moments acting on the rocket, due to de¬ 
flection of the control surfaces, do not change during the rotation of the 
rocket about its longitudinal axis. If at any time the rocket R occupies the 
position in space shown in figure 9 * 15 > "the projections of the effective moment 
M onto the axes oy^ and oz^ of the related coordinate system will be equal to 

My and M z , respectively. The values of the moments My and M z are dependent on 

the deflections of the course and pitching control surfaces which are deter¬ 
mined by the course and pitching control commands K z and Ky. The total moment 

causes an angular velocity of the rocket uu r about the center of mass and the 

appearance of a controlling force F in the plane in which it is necessary to 
change the rocket trajectory. This plane passes through the rocket velocity 
vector and the target point T. 

With the rotation of the rocket about the longitudinal axis by the angle 
Y b , the vectors M and F should remain unchanged in space if the target remains 

in its former position. Turning of the rocket is accompanied by turning of the 
related coordinate system: the lateral axis occupies the direction oz'^and 

the vertical axis the direction oy'^. Figure 9»15 shows that the vector of the 

moment M, in this case, remains unchanged if the moments created by the control 
surfaces of the pitching and course channels of the rocket are equal to M' z 
and M' . 

J 

f V 

The values My and M z are determined by the equations 
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M' y = M y cos f b — M z sin ly 
M' z = M z cos Tb+ M y sin 


If the pitching and course control surfaces are deflected by the angles at 
which the required values M' and M' z are created, the rocket will continue to 

move in the necessary direction to the target. 

It follows from expressions (9.7*4) that determination of the necessary 

values M* and M„ will be ensured if the control commands K and K , under 
y z y z> 

whose influence the moments are produced, are converted in accordance with 
turning of the oy^ and ox^ axes of the rocket. Therefore, the following con¬ 
trol commands are fed to the apparatus for driving the course and pitching con¬ 
trol surfaces 


K' y = Ky cos 7 b — K z sin f , 
K' z = K x cos f b + K y sm T fa . 


(9.7.5) 


With such a conversion of the control commands Ky. and K z on the rocket, /907 

its rotation about the longitudinal axis does not disrupt the control process. 

The considered problem of conversion of control commands can be solved 
using an apparatus consisting of a position gyroscope Gy which measures the 
angle of banking \ b and the sine-cosine potentiometers and (fig. 9 . 16 ). 

The bodies of these potentiometers are attached rigidly to the body of the 
rocket, and their brushes are attached to the outer frame of the gyroscope Gy. 
The design of such potentiometers has been described in section 4.10. If the 
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voltages of the commands K and K are applied to the input plates of the poten- 

y z 

tiometers, the voltages Ky and K' z are formed at their output; these are de¬ 
termined by formulas (9-7*5)* 

Apparatus for automatic changing of the operation of the control surfaces 
is installed on axially symmetrical rockets, the position of whose longitudinal 
axis is difficult to stabilize by quite simple technical solutions. 


9 .8. Channels for Control of the Longitudinal 
and Lateral Motions of a Rocket 

The process of automatic control of the angle of pitching in the stabili¬ 
zation regime is somewhat more complex than the process of stabilization of the 
angle of banking. Whereas the latter is related only to the rotation of the 
rocket relative to its longitudinal axis and is described only by the lateral 
momenta equation, in the control of the pitching angle it is necessary to take 
into account both the rotation of the rocket relative to its lateral axis and 
the turning of the velocity vector. Therefore, in an analysis of the longi¬ 
tudinal motion, the longitudinal momenta and normal forces equations must be 
considered. 

Figure 9-17 shows the block diagram of the longitudinal motion control 
channel. Here, in addition to the pitching angle feedback signal formed by the 
position gyroscope, there are two additional control signals. One of them, 
measured by the velocity gyroscope, is proportional to the angular velocity of 
rotation of the longitudinal axis of the rocket $ and the second, formed by the 
linear acceleration sensor, is proportional to the angle of attack a. 


The voltage u 


S’ 


fed to the control surfaces channel. 


is the sum of 


the mentioned signals, that is 



«* = A* ( 8 st“ ~ 


( 9 . 8 . 1 ) 1 


By using expression (9.8.1), as well as the longitudinal motion equations 
(9.1.20) and (9.1.21), it is easy to obtain an equation relating the mismatch ; 
signal - £) to the angle of attack a of the rocket 

a + (2 dw 0 -f- a “t“ ( <0 o 7\, a “ 

= «•%!*• 1T»>- (9.8.2) 

After analyzing expression (9.8.2), it is possible to draw the following 
conclusions. The signal of the velocity gyroscope artificially changes the 


572 


Digitized by LjOOQle 





Figure 9-17 


damping coefficient of the rocket and the natural frequency of its oscillations. 
Its introduction into the controlling voltage is desirable when the natural 
damping of the rocket is inadequate. The signal formed by the accelerometer 
increases the natural frequency of oscillations of the rocket, thereby im¬ 
proving its controllability considerably. By varying the coefficients k^ and 

k^, it is possible to change the dynamic properties of the rocket in broad 

limits, achieving the desired quality of the control process. 

We now will discuss briefly the regime of rocket flight altitudinal stabi¬ 
lization. Figure 9*18 is a simplified block diagram of control of flight al¬ 
titude. It is assumed here that the angle of attack is established instan¬ 
taneously with deflection of the control surfaces. In addition, the gravita¬ 
tional components of the rocket are taken into account. The link with the /509 
transfer constant k^ characterizes an apparatus which measures the current 

flight altitude and compares it with the stipulated value. The relationship 
between the angle of inclination of the trajectory Q and altitude H is estab¬ 
lished by a kinematic link with the transfer function Wjj(D) = 

e D 

The control circuit contains two integrating links and therefore it will 
be unstable. The equation relating the actual value of flight altitude to the 
stipulated value has the form 


Tv< 


VdrV 


*g + H=H st . 


(9.8.3) 


The process of change of H, described by equation ( 9 . 8 . 3 ), is a nonatten¬ 
uating sinusoidal oscillation. Therefore, the structure of the circuit should 
be modified. This change is achieved in two ways. The first way is to intro¬ 
duce a differentiating link into the channel for measuring the mismatch signal 
- H. Then the transfer function of the k^ measuring instrument can be 
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Figure 9-18 


represented in the form 
ten as 



+ 




and the equation of motion is writ- 


d*H 


k v 

dr Hi 4 


dt * 


*H dH 
k Hl at 



(9.8.4) 


When H ^ = const, the last term on the right-hand side of equation (9.8.4) 

will be equal to zero. As follows from (9,8.4), by change of the coefficients 

k and k # , it is possible to achieve the desired transient process of estab- 
H1 H 

lishing the flight altitude of the rocket. 


It should be noted that the determination of the derivative of the con¬ 
trolling signal frequently involves considerable technical difficulties. In 
addition, when measuring flight altitude by electronic methods, the differen¬ 
tiation of the controlling signal leads to amplification of the high-frequency 
fluctuation components. 


For this reason, in some cases, it is preferable to use a second method 
for damping oscillations during flight altitude control. In this method, a 
voltage is introduced into the control signal which is proportional to the 
pitching angle, measured by the position gyroscope. Figure 9-19 is a simpli¬ 
fied block diagram of the flight altitude control channel. The equation for 
attaining the stipulated altitude has the form 


+ cPM . dH _ 

k ^H Q l V dtl + k H V dt n ~ n E 1 ’ 


( 9 - 3 . 5 ) 


It follows from the cited equation that a signal proportional to the jji0 
pitching angle performs the function of a damping signal during flight alti¬ 
tude stabilization. At the same time, equation (9.8.5) shows that the intro¬ 
duction of a pitching signal increases the inertia of the altitude determina¬ 
tion system and therefore worsens the controllability of the rocket. 

Signals of the velocity gyroscope and accelerometer can be used as addi¬ 
tional signals in control of the flight altitude of a rocket, much as in the 
earlier considered example of control of the pitching angle. On the basis of 
the considered examples, it is possible to write a general automatic pilot 
equation which will reflect the relationship between the deflection of the 
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rocket control surfaces 6 and the control command K and the additional sig- 

r 

nals for the vertical plane. This equation has the form 

6 r = F(D) [*+2 W dl {D) Q,] (9.8.6) 

Here r(D) is the transfer function for the drive of the control surfaces, is 

the i-th additional control signal, and W(D) is the transfer function of the 

01 

i-th instrument for measuring the additional signal. 

Henceforth, in most cases, we will use one of the special forms of equa¬ 
tion (9-8.6) when position and velocity gyroscopes or accelerometers are used 
as instruments for measuring the additional signals. Then the automatic pilot 
equation is written as 


6 r = F(D) [/C-h W,(D) & + WM a]. 


( 9 . 8 . 7 ) 


If the inertia of the measuring elements and control apparatus is ne¬ 
glected, that is y if a steady-state regime is considered, equations ( 9 . 8 . 6 ) and 
( 9 . 8 , 7 ) express the control law. The principal component of the control lav is 
the command K, which, being related functionally to the mismatch parameter, 
determines to a considerable degree the requirements imposed on the radio appa¬ 
ratus for transmission of commands and on the coordinators. 

The control of lateral motion of the rocket has much in common with the 
control of its longitudinal motion. This similarity is manifested most /^ll 
clearly in rockets with axial aerodynamic symmetry, with banking stabiliza¬ 
tion. The turning of the velocity vector and therefore the change of the 
flight trajectory of the rocket are the result, in this case, of a lateral 
force arising due to the angle of slip, caused by deflection of the rudder. 

The ailerons are the principal organs of control of the lateral motion of 
a rocket with plane aerodynamic symmetry. The rudder is used for elimination 
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of the angle of slip, appearing during the banking of the rocket, and which is 
necessary for coordinated turning. The automatic pilot of such a rocket con¬ 
tains interconnected banking and yawing (or course) channels. 

Additional control signals are used for change of the dynamic properties 
of the rocket-automatic pilot system in both mentioned types of rockets. These 
signals are formed by pickups similar to the pickups of the longitudinal motion 
control channel. It is most common to use velocity gyroscopes for increasing 
the damping coefficient of the rocket and accelerometers for increasing vane 
stability. 

In order to stabilize the center of mass of the rocket in the stipulated 
trajectory, it is necessary to introduce into the controlling signal not only 
a voltage proportional to the lateral deflection of the rocket from the stipu¬ 
lated trajectory, but also either the derivative of this deflection or the 
aywing angle signal; the yawing is measured by a yawing position gyroscope. If 
this is not done, the control process will be unstable. Here we have a full 
analogy with the stabilization of rocket flight altitude in longitudinal motion. 


9.9. Self-Tuning of the Rocket Control System 

It has been emphasized repeatedly above that a rocket constitutes a rela¬ 
tively complex object of automatic control whose parameters change in quite 
broad limits during the change of the flight regime. 

The control process is influenced considerably by changes of flight alti¬ 
tude and therefore by atmospheric density, flight velocity and the weight of 
the rocket. 

For this reason, the selection of the transfer constants for the radio ap¬ 
paratus on the rocket and the automatic pilot which ensure an acceptable qua¬ 
lity of the transient process for certain flight conditions is unsatisfactory 
when there is a change of these conditions. It follows therefore that the con¬ 
trol apparatus should change its parameters, and in some cases its structure, 
in accordance with changes of environmental conditions, that is, possess the 
property of self-tuning. In a self-tuning rocket control system, the functions 
of a self-tuning correcting apparatus are imposed on the apparatus carried 
aboard the rocket. 

There are three principal types of systems with self-tuning correct- /512 
ing apparatus: systems with open circuits for tuning of the correcting 
apparatus, systems with closed circuits for self-tuning and control of the char¬ 
acteristics, and systems with extremal tuning of the correcting apparatus. 

In a system of the first type, the parameters of the correction circuit 
are changed by signals from sensors which measure the change of environmental 
conditions. The simplest example of such a system is a control system in which 
the amplification of the controlling signal changes in a jump when the rocket 
passes through a stipulated altitude. In actuality, with an increase of 
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altitude (with flight velocity held constant) the efficiency of the control and 
aerodynamic surfaces of the rocket decreases. Hence, the same mismatch and 
therefore the same control command, at a greater altitude, should correspond to 
a greater angle of deflection of the control surfaces. In a similar way, it is 
also possible to take flight velocity into account. 

Instruments of different types for measurement of velocity head can be 
used as the sensor for combined measurement of the change of atmospheric den¬ 
sity and of the air velocity of the rocket. 

A shortcoming of this system is the complexity of measuring all the acting 
perturbations; hence, its low accuracy. 

In systems of the second type, the change of the parameters of the cor¬ 
recting apparatus is accomplished by a comparison of the actual characteristics 
of the closed control system with standard parameters (characteristics) deter¬ 
mined in advance. In such a system, it is possible to take into account a 
great number of prestabilizing factors, some of which are not subject to direct 
measurement. Under certain conditions of rocket use, however, the standard 
characteristics used in the tuning of the guidance circuit can be less than 
optimal. 

Systems of the third type do not have this shortcoming. In these, there 
is a control of the parameters of the correcting apparatus in which the param¬ 
eters assume values corresponding to the extremum of the used evaluation of the 
quality of the control process. The actual design of such systems naturally 
involves considerable technical difficulties. 
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CHAPTER 10. FUNCTIONAL AND BLOCK DIAGRAMS OF 
RADIO CONTROL SYSTEMS 


10.1. Functional Diagrams of Radio Control Systems 
1. Functional Diagrams of Homing Systems 

The functional diagram of a homing system is determined primarily by /g!3 
the type of coordinator. If only the means ensuring a change of rocket 
trajectory are taken into account, for cases when fixed and moving coordina¬ 
tors are used, we obtain the functional diagrams shown in figure 10.1a and b. 

The input action for the coordinator is the angular position of the 
rocket-target line, forming at the output of the kinematic link, which is used 
to characterize the relative motion of the centers of mass of the rocket and 
target. 

The angular position of the rocket-target line in a fixed coordinator is 
compared with the angular position of the longitudinal axis of the rocket 
°r X l* arX * a mov ^ n & coordinator, with the equisignal direction. The output 

signals of fixed and moving coordinators are voltages (currents) characteriz¬ 
ing the deflections of the axis ° r x -^ from the direction to the target and the 

angular velocity of the rocket-target line, respectively. 

The control commands in homing systems usually are formed in the automatic 
pilot. The additional control signals necessary for stabilization of the 
rocket and improvement of the dynamic properties of the guidance circuit also 
are measured and appropriately converted in the automatic pilot. 

Under the influence of a control signal produced by the automatic pilot, 
the control surfaces of the rocket are moved in such a way as to eliminate the 
appearing disruption of coherence which is imposed on the rocket motion. 

Figure 10.1 shows that a homing system contains not only a guidance j*) 1$ 
circuit in which the feedback is closed through a kinematic link, but also 
a number of internal circuits for automatic control. 

An electronic homing system contains one, two or three open links which 
can be subject to the effect of artificial interference. The most vulnerable 
are the rocket nosecone radio receiver and the radar set for scanning of the 
target. It is considerably more difficult to create interference at the input 
of "tail-end" radio receivers used in semiactive homing systems. This can be 
attributed to the fact that the antenna of the "tail-end" receiver can be used 
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in most cases only within the limits of a quite small solid angle with direc¬ 
tions opposite those in which the rocket is moving. 

The presence of open links through which the external guidance circuit is 
closed is one of the important shortcomings of electronic homing systems. At 
the same time, because of these links, a homing rocket seemingly is guided by 
the target to be damaged itself, which makes possible extremely precise guid¬ 
ance of the rocket to rapidly moving and maneuvering targets. 


2. Functional Diagrams of Radio Zone (Beam-Riding) Control Systems 

In a beam-riding control system, whose standard functional diagram for the 
case of rocket guidance by the coincidence method is shown in figure 10.2, the 
coordinator consists of a radar set RS, located at the control point, and the 
radio apparatus carried aboard the rocket, constituting a direction finder. 

The relative motion of the target and control point, reflected by the kinematic 
link I, leads to a change of the position of the control point-target line. 

The movement of this line is detected by the radar set RS and is converted into 
the movement of the radio beam (equisignal direction). The angle between the 
equisignal direction and the control point-rocket line, whose position is de¬ 
termined by the kinematic link II characterizing the relative motion of the con¬ 
trol point and the rocket, is the input action for the direction finder. This 
apparatus produces voltages (currents) which are related functionally to the 
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Figure 10.2 


linear deflections of the center of mass of the rocket from an equisignal direc¬ 
tion in the planes of its longitudinal and lateral motions. 

The voltages (currents) received from the direction finder are used in the 
automatic pilot for forming control commands and controlling signals which 
cause deflection of the control surfaces of the rocket in such a way that the 
latter is held on the equisignal direction. 

The instruments carried on the rocket and ensuring its flight in the radio 
beam form an independent tracking system which in essence compares the motion 
of the target and rocket. 

This system contains two open links caused by the presence of radio /^1T 
receivers both in the radar set and aboard the rocket. 


If the beam-riding control system is used for guiding the rocket to a for¬ 
ward point, the radar set for tracking the target must be supplemented by a 
radar control station. Its antenna system should form an equisignal line in 
the direction of the forward point. This problem can be solved by use of a 
computer Com in which signals characterizing the coordinates of the target are 
received at the input. The Com output signals are used for turning the axis of 
the antenna of the radar control station in vertical and horizontal planes. It 
is easy to see that more unwieldy apparatus is required for guiding a rocket to 
a forward point, although this apparatus of course is away from the rocket. 

The rocket radio apparatus of beam-riding control systems is quite simple 
because it includes only a direction finder. However, when guiding a rocket 
from an aircraft to an air target, when for all practical purposes there can 
be control by the coincidence method, there are limitations on the maneuvering 
of the carrier. This restricts the region of applicability of beam-riding con¬ 
trol systems. 

If the rocket is intended for damaging fixed targets, it is possible to 
use radio navigation equipment ensuring the creation of a radio zone of some 
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type. The number of functional diagrams of control systems based on radio 
navigation zones can be very great. However, their difference from the dia¬ 
grams of beam-riding control systems will be primarily in the structure and 
the functions performed by individual components of the coordinator. For 
example, when using an add-subtract— range-finding navigation system, a rocket 
guidance system can be created whose functional diagram is shown in figure 
10.3. By use of such a system, it is possible to control the rocket in its 
course. In this case, the projection of the radio zone onto the ground, in a 
general case, is represented by a hyperbola which is characterized by a fully 
determined difference of the distances to the master and controlled stations 
A and B. 

The signals of the transmitters of stations A and B are fed to the re¬ 
ceiver AB, situated aboard the-rocket, and then to the computer Com. The 
computer measures the difference of the distances R^ and from the rocket to 

the stations A and B, and this determines the deflection of the center of mass 
of the rocket from the stipulated hyperbola. The resulting mismatch signal 
acts on the automatic pilot, thereby eliminating the appearing disruption of 
coherence which is imposed on the rocket motion. 

The determination of the guidance process also is accomplished using the 
Com, which produces the necessary voltage (current) under the influence of the 
signals of another pair of ground stations. 

One of the merits of a radio zone control system, based on use of an /518 
add-subtract— range-finding radio navigation system, is its great transmitting 
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capacity. This means that the same ground stations can service a considerable 
number of launching sites simultaneously. Such a property is inherent in a 
number of other types of radio zone control systems. 


3. Functional Diagrams of Command Control Systems 

Two forms of command control systems can be distinguished. A characteris¬ 
tic feature of systems of the second kind is determination of the coordinates 
of the target using apparatus carried aboard the rocket. In all other methods 
for measurement of the parameters of motion of the target a command control 
system of the first type is used. 

The functional diagram of a command control system of the first kind can 
be represented as shown in figure 10.4a. It follows from figure 10.4a that the 
coordinates of the target relative to the control point, fixed by the kinematic 
link I, are determined by the target coordinates measuring instrument TCI. The 
relative coordinates of the rocket and control point, whose relative motion is 
reflected by the kinematic link II, are determined by the rocket coordinates 
measuring instrument PCI. The output signals of the TCI and RCI are fed to the 
computer Com. 

In the case when the TCI and PCI are situated at control points, they are 
connected to the computer without using any special apparatus. If these /^?j 

measuring instruments are situated away from the control point, wire or 
electronic data transmission systems DTS I and DTS II are used; these are shown 
in figure 10.4a by a dashed line. In actual practice, TCI and PCI can be two 
different apparatuses or a single radar station, for example, with linear scan¬ 
ning of the antenna system beam, and the coordinates of the target and rocket 
need not be measured only relative to the control point. 

A signal in the form of a voltage (current) or special codes is created 
at the output of the computer of the automatic control system. This signal is 
a measure of the disruption of the coherence imposed on the motion of the 
rocket by the used guidance method. Under the influence of the mismatch signal, 
the apparatus for forming commands CF produces a command which is transmitted 
to the rocket by the command control radio link CCRL. If the system is non¬ 
automatic, the mismatch parameter is determined using an optical sighting ap¬ 
paratus or from the images on the screen of the cathode-ray tube, and the com¬ 
puter is replaced by an operator and a command pickup. In those cases when the 
target is fixed, the instrument for measuring its coordinates is dispensed with 
and replaced by an apparatus fixing the program of motion of the rocket. 


The functional diagram of a command control system of the second kind is 
shown in figure 10.4b. The TRCI apparatus measures the coordinates of the tar¬ 
get relative to the rocket. The relative motion of the target and rocket is 
reflected by the kinematic link. The output signals of the TRCI, by means cf a 
data transmission system DTS, which is an essential element of this control sys¬ 
tem, are relayed to the indicator (the screen of a television receiver, radar 
station, etc.) where target and rocket pips are formed. The operator 0, by use 
of the command unit CU, controlling the operation of the command control radio 
link CCRL, should produce commands in such a way as to ensure coincidence of 
these pips. 
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Comparison of figures 10.1 and 10.4b shows some common features of command 
control systems of the second type and of homing systems: the coordinator 
measuring instruments are carried on the rocket. The basic difference between 
command control systems of the second kind and homing systems is that the meas¬ 
urement results are converted into command signals not on the rocket itself but 
at the control point CP. The need for relaying of data from the rocket to the 
CP considerably complicates the control apparatus as a whole and especially the 
equipment carried on the rocket. Nevertheless, the use of control systems of 
the second kind can be desirable, since when there is an operator it ensures 
better target resolution, a great flexibility of the guidance process and a de¬ 
crease of the effect of interference. At the same time, the limitations of 
such systems must not be forgotten; these limitations are caused by the /521 

subjective nature of the operator and also by the great complexity and cost 
of their manufacture. 

The controlling signal acting on the control surfaces of the rocket in 
both forms of command control systems is formed by the automatic pilot on the 
basis of the received command and additional signals measured by autonomous 
transducers. 

A command control system contains a considerable number of open links. 

For example, when individual radar stations are used for determination of the 
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coordinates of the rocket and target, the system will include at least three of 
four radio receivers, two of which will be on the rocket and one or two at the 
control point or near it. When there are two receivers aboard the rocket, one 
of them is used in receiving control commands and the other is for ensuring the 
operation of the radar responder, which usually is necessary due to the extreme¬ 
ly small reflectivity of the rocket surface. 

A number of advantages (simplicity of rocket equipment, large effective 
range, etc.), characteristic of command control systems, have led to their ex¬ 
tensive use for guidance of rockets of different types. 

At the same time, it should be noted that, with respect to accuracy of 
operation, command control systems of the first kind are less accurate than 
homing systems. 


4. Functional Diagram of an Autonomous Control System 

The standard functional diagram of an autonomous control system, which can 
be used for guidance of rockets to fixed targets or targets whose parameters of 
motion are known, is shown in figure 10.5- Data on the coordinates of the tar¬ 
get and the launching point, determining the stipulated trajectory of motion 
of the ’rocket, are introduced into the computer Com. The current position of 
the center of mass of the rocket is determined by an autonomous coordinate¬ 
measuring instrument RCI and the command and controlling signals are formed in 
the automatic pilot. The kinematic link relates the angular motions of the 
rocket to the motion of its center of mass. 



Rocket Kinematic link 
coordinates 


Motion of 
rocket 


Figure 10.5 


10.2. General Description of the Equations and the Principal /^22 

Problems in Investigation of Radio Control Systems 


In accordance with the general functional diagram shown in figure 1.3, ve 
can name the following groups of equations describing the operation of the 
control system: 


— rocket equations, characterizing the relationships between the output 
parameters of the rocket, representing the angles of inclination of the velocity 
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vector v or the components of the normal acceleration vector j and the move¬ 
ments of the control surfaces of the rocket; 

— automatic pilot equations, defining the deflections of the control sur¬ 
faces of the rocket as a function of the course and pitching controlling 
signals; 

—equations of the apparatus for forming and transmission of the control 
commands, establishing the dependence between the control commands and the 
measured values of the components of the mismatch parameter for the correspond¬ 
ing control planes of the rocket; 

—coordinator equations, relating the components of the vector ^ to the 
parameters of motion of the rocket and target, defining the coherence which is 
imposed on motion of the rocket. 

In addition, the general system of equations includes kinematic equations. 
In the case of homing and command control systems of the second kind, these 
equations are used to characterize the relative velocity of movement of the 
centers of mass of the rocket and target along the vector r and along the nor¬ 
mal to it. In the case of radio zone control systems and command control sys¬ 
tems of the first kind, the kinematic equations establish the relationship 
between the relative velocities of approach of the rocket and target and also 
the target and control point to the parameters of motion of these objects, 
considered as geometrical points. Kinematic equations reflecting the depen¬ 
dence of the change of the coordinates of the center of mass of a rocket on 
its angular movements are used for description of autonomous control systems. 

As already mentioned, in analytical investigations of the spatial motion 
of a rocket, in many cases, it is desirable to separate the longitudinal and 
lateral motions which are considered independent of one another. However, it 
must be remembered that the results obtained in a separate analysis of the 
longitudinal and lateral movements of the rocket can be considered only pre¬ 
liminary. In the final development of a control system, it usually is neces¬ 
sary to consider the spatial motion of the rocket. In particular, this can 
be attributed to the fact that, in the case of different characteristics of 
longitudinal and lateral motions, such as in a four-winged rocket, even when 
there is stability of the course and pitching channels separately, the rocket 
as a whole can be unstable. An important characteristic of the equations /^23 
describing the motion of the rocket is a temporal change of the coefficients 
which they contain. 

The processes transpiring in the automatic pilot and characterizing the 
laws of control of a rocket in course and pitching are described by two equa¬ 
tions which are dependent on.one another. In most cases, in the working range 
they are linear differential equations with constant coefficients. These same 
properties are characteristic of the equations for the apparatus for forming 
commands and also for the command control radio link and the coordinator when 
there is no radio interference. The guidance method, the type of command con¬ 
trol radio link, the type of apparatus for forming the commands and the types 
of* measuring instruments and computers used exert an appreciable influence 
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on the specific forms of the equations for these types of apparatus. The num¬ 
ber and type of kinematic equations for each of the control planes are depen¬ 
dent on the type of control system. In a general case, these equations are 
nonlinear differential equations with variable coefficients. 

It follows from the above that the control system as a whole is charac¬ 
terized by a system of nonlinear differential equations of a relatively high 
degree. In the selected guidance method, determined to a considerable degree 
by the purpose of the rocket, the analysis of the control system essentially 
involves primarily an investigation of its stability. As a result of such an 
investigation, it is possible to establish the control law and the principal 
parameters of all the apparatus forming the control system. Later it is pos¬ 
sible to determine the errors of rocket guidance caused by the dynamic pro¬ 
perties of the guidance circuit and the different perturbations acting in the 
guidance process. The impeding perturbations include atmospheric turbulence, 
the instrument noise of the radio receivers, fluctuations of the signals 
received from the targets at the input of the radar receivers, change of radio 
wave propagation conditions, etc. 

Since the motion of a controlled rocket is described by a complex system 
of nonlinear differential equations, solutions of problems involved in in¬ 
vestigation of the guidance circuit can be obtained only by use of electronic 
computers. However, determination of the exhaustive characteristics of a con¬ 
trol system by the use of computers requires the expenditure of a great amount 
of time and work. In addition, prior to carrying out modeling, it usually is# 
necessary to represent the expected results at least in approximate form. ' 

In this connection, the problem arises of an approximate theoretical anal¬ 
ysis of the properties of the projected control system. Methods for investi¬ 
gation of linear systems of automatic control with constant parameters present¬ 
ly are the best developed. 

The presence of variable coefficients in a number of equations describing 
the rocket guidance process does not make possible direct use of the concept 
of transfer functions which is employed widely in the theory of station- 
ary linear automatic control systems. However, by using the methods of 
linearization of nonlinear functions and the ’’freezing” principle for slowly 
changing coefficients, it is possible in the case of individual segments of tra¬ 
jectories to analyze radio control systems by the well-known methods of the 
theory of linear stationary dynamic systems. 

In those cases when the principle of "freezing" of the coefficients is not 
applicable, on the basis of the linearized equations it is possible to find the 
transfer functions of radio control systems which are dependent on time. 


10.3. Block Diagrams of Electronic Homing Systems 

If a rocket is intended for damage of fixed or nearly stationary targets, 
it is customary to use the direct guidance method (approximate guidance alonr 
a pursuit curve). In those cases when the target to be attacked is moving 
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rapidly, the most suitable method is parallel approach or the proportional 
navigation method. 

The general system of equations describing the homing process for an axial¬ 
ly symmetrical rocket guided by the direct method in a vertical plane is derived 
using expressions (9.1.14), (9.1.20), (9-1.21), (2.7.1), (9-8.7), (3-8.2) and 

(5.8.1). In this case, it must be assumed that S =0 and K , and L, (D) 

7 com a m 1 

should be replaced by K, ^ and L(D). The system of equations derived in this 
way has the form 


mv = T r — C* y S — G sin 8, 

Tj = a — A 0 , 

a -f- 2du> 0 a -|- (ojx = 0. t (8^ -f- 8„), 

» = 0-f a, 

r = cos q^ — v cos q, 
re = — sin qt + v sin q, 
q = s — 8, 

?t = £ - e h 

« r =F(D)[A:+ WAD)a+W,(D)b), 
K = L(D 

\= U or= k oJ’ 


The represented equation contains 12 equations with 12 unknowns: v, Q, /525 
a, t?, q, e, K, A m , r, q^ and y. The value v^ and inclination 0^ of the 

velocity vector for the motion of the rocket in a vertical plane or the pro¬ 
jection of this rocket in the case of spatial motion of the rocket are stipu¬ 
lated functions of time, determining the input action in the homing system. The 
parameters Aq and 6q are known. 

In most cases of the practical use of a rocket guided by the direct method, 
the angles q^ and q r will be small, and therefore it can be assumed without 

great error that cos q^ « 1, cos q « 1, sin q^ « q^ and sin q « q. Under such 

a condition, the kinematic equations become linear. 

The first equation of system (10.3.1) characterizes the change of velocity 
v and for the reasons pointed out in chapter 9 need not be considered in an 
analysis of control systems. 


587 


Digitized by LjOOQle 




Then, taking into account that the value A Q in the second equation can be 


considered constant, we will have the following linearized equations for the 
considered homing system 


Tji = a — A 0 , 

« + 2dw 0 a + a^a = a t (8 r -f 8 0 ), 

S r =F(D) [AT+ w* (D) a + (D) »], 

K=L{D)^, 

An ^dfT* 

Y = s — 

& = 0 -j- a, 

/» = — (• - * t ) + v (e - 0). 


( 10 . 3 . 2 ) 


In the derived system of linear differential equations, the unknowns are 
Q ) «, 6 r > K, y> e and d. 

If the conditions that q t and q be small are not satisfied, in order to be 

able to construct the block diagram, it is necessary to linearize the kinematic 
equations relative to those values q^ and q which would be obtained in the case 

of rocket guidance along a reference trajectory. In this case, as already 
noted, the mismatch parameter A m is assumed equal to zero. 


Without discussing at length the linearization of system (10.3.1) for ar¬ 
bitrary angles q^ and q, we will continue our consideration of equations 

(10.3.2) . It was demonstrated in chapter 2 that the last equation in system 

(10.3.2) , with the equation r « v. - v taken into account, can lead to the 
following form 


4 (re) 
dt 


= X» t 6 VO. 


(10.3.3) 


Then we will have 


6 = ±(a-A 0 ), 

1 V 

® ”1“ 2dw Q 7. -j- o) u a = <2 8 (8p —J— 8 0 ), 

* r = F(D) [K+ W a (D) a + W ; (D )»]. 

K=L(D)6 m , 

\= U DF = k oJ’ 

T = s — 

0 = 0-fa, 

d -P=v t e t -vo. 


/526 


(10.3.4) 
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A number of variable coefficients are present in the derived equations. 

The most rapidly varying of these is the value r, which tends to zero with ap¬ 
proach of the rocket to the target. Because of this, the application of the 
principle of "freezing" of the coefficients for such systems, in some cases, 
is possible only when making very approximate estimates. 

The block diagram corresponding to equations (10.3.M is shown in figure 

. v 

10.6. This figure also shows a link with the transfer function — , whose out- 

^v 

put is normal acceleration J n . We recall that by knowing it is easy to 

find the normal overloads experienced by the rocket in the course of its 
guidance. 

It can be seen from figure 10.6, where all components of the homing sys¬ 
tem have been denoted in accordance with the functional diagram shown in figure 
10.1a, that the kinematic link in turn is divided into three links. The links 

v t v 

with the transfer functions — and — are the converters of the angles 0. and 0, 

D D t 

while the link having the variable transfer coefficient l/r is used for forming 
the angle e, which represents the input action for the coordinator. 

The block diagram of the system for guidance of a rocket with axial aero¬ 
dynamic symmetry for lateral motion also can be obtained in the form shown in 
figure 10.6 if the angles 0^, e, a, etc., are replaced by the parameters of 

motion and transfer functions characterizing rocket flight in a horizontal 
plane. 
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Figure 10.6 also applies as the block diagram of the control system for 
longitudinal motion for rockets with plane aerodynamic symmetry. The block 
diagram of a homing system for lateral motion of such a rocket can be obtained 
from figure 10.6 if the transfer functions in it 


W ± (D) = 

*r 


D 2 4 - 2d<i> 0 D + 


and 


(D) = 


i 

T^D 


are replaced by the functions 


W, (D) = 


D ( T^D + 1 ) 


and 


W,(D) = 


»(*) _ * 

T b ( 0 v#' 



In addition, all other signals and functions indicated in figure 10.6 should be 
replaced by the corresponding parameters and transfer functions for the hori¬ 
zontal control plane. 

It follows from figure 10.6 that with approach of the rocket to the tar¬ 
get, the transfer coefficient k r of an open system increases continuously with 

a break in the circuit at the point a. As a result, at some value r = r . , 

the homing system becomes unstable and the guidance process is disrupted. In 
order to ensure a stable rocket flight in a given range of change of distance 
r, there must be a corresponding selection of the transfer coefficient k^ of 

the open guidance circuit. The control law also exerts a great influence on 
the stability of the homing process. 

In those cases when it is desirable to have a closing of the block dia¬ 
gram for the acceleration circuit it is necessary to modify the first and 

last equations in system (10.3.4). Taking into account that j n = v0, the equa- 

tion 6 = — (a - 
T v 

Jn = j;( a - A o)- (10.3.5) 


Aq) can be replaced by 


In order for system (10.3.^) to remain closed with the replacement of e by 
j n , it is necessary to differentiate the last equation of the system. We will 

have 


d*{ri) 
' dt a 
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If V 


and v are virtually not dependent on time, 


then 


d 2 (re) 
dP 


v tK 


-u 


Since the closing of the guidance circuit through acceleration j n for all 


types of control systems is accomplished as a result of the mentioned transfor- 

1 / \ 

mation of the equation 6 = — (a - Aq) and the differentiation of the kinematic 

T v 

equations, this problem will not be considered hereafter, and will be repre¬ 


sented in the block diagrams only by a link with the transfer function —. 

T v 

The diagram in figure 10.6 and therefore the system of equations (10.3.4) 
represent one of the forms of the block diagrams and equations of homing sys¬ 
tems for the direct guidance method. A characteristic of this form of guid¬ 
ance is absence of a signal characterizing the rocket miss, knowledge of 29 
which, as already pointed out, is of very great importance in an investiga¬ 
tion of the influence of various parasitic perturbations on the rocket, elec¬ 
tronic apparatus, etc. 


We recall that by rocket "miss" is understood the distance in the refer¬ 
ence plane by which the rocket passes by the target. In determining the miss 
of a homing missile, it is necessary to take into account that in the course of 
several tenths of a second of flight, when the distance between the rocket and 
the target becomes equal to r , the rocket in actuality ceases to be controlled 

(for example, due to the dead zone of the radar coordinate-measuring apparatus, 
rocket inertia, etc.)# its velocity remains unmodified and the target can 
complete no maneuvering. As will be demonstrated below, in investigations of 
control systems, it is also desirable to employ the concept of "current" miss, 
characterizing the value of deflection of the rocket from the target in the 
reference plane on the assumption that beginning with a particular time t the 
guiding process ceases and the.rocket and target velocity vectors remain 
unpodified. 


Hereafter, for simplicity in exposition, the miss and its current value 
will be defined only for the longitudinal motion of the rocket and will be 
denoted by the symbols h and h^. 

In order to have the value h^ = 0, it is necessary and sufficient to en¬ 
sure the coincidence of the relative velocity vector v^ of approach of the 

rocket to the target and the vector r. If there is some angle v between these 
vectors (figure 10.7)# assuming that h^. is read from the target T along the 

normal to the vector Vq, we obtain 
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Figure 10.7 


* 


er 


= r sin v. 


Bearing in mind that 


•_ v sin (t — 9) — trtsin (t — 8t) _ v 0 sin v 


(10.3.6) 


we find 



(10.3J) 


We note that h^ is considered positive if the rocket flies ahead of the 

target. Using (10. 3 .7) it is possible to find h, provided that the value r ir. 

expression (10.3-7) is replaced by r . 

K 

The "current" miss h is introduced into the block diagram by differen- 

"C 

tiating the last equation in system (10. 3. *0 for t and multiplying the result 
by r. Then we obtain 


r 2 s -f- 2rrs + rre = rv^-\- rvg t — rvO — rvO. 


But 


/^r 


r*+2rZ = £(r*i)^4^ 


dt 


If the values r, v and v can be neglected, we find 
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dJ itr-= r {' v t \- v »)- ( 10 . 3 . 8 ) 

Taking equations 1-6 in system (10.3-*0 into account and also the rela¬ 
tions (10.3.7) and (10.3.8), we obtain the block diagram shown in figure 10.8. 
Figures 10.8 and 10.6 show that only the kinematic links differ in form in 
these diagrams. In actual practice the second form of block diagram frequent¬ 
ly is more desirable, especially when modeling homing processes. 

In accordance with the considered method, there is no difficulty in con¬ 
structing a second form of block diagram also for the horizontal control 
plane of a rocket for the cases of both plane and axial aerodynamic symmetry. 

In the case of rocket guidance by the parallel approach method, the block 
diagram of a homing system can be constructed using the system of equations 
(10.3**0 if the coordinator equation in it is modified. It was demonstrated 
in chapter 3 (3*9.9) that at the output of the coordinator power amplifier, 
used in forming the mismatch parameter in the parallel approach method for a 
rocket in a vertical plane, a voltage ^ = u c is formed, which is equal to 


A = 
m 


u„ = 




T a D 2 + 


6. 


D + k, ; 


Then for the first and second forms of writing of the kinematic equations, 
we obtain block diagrams shown in figures 10.9 and 10.10.. These figures show 
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Figure 10.9 


that the transfer coefficient of the guidance circuit changes inversely propor¬ 
tional to distance r and is dependent on the transfer properties of the coor¬ 
dinator. In the case of a horizontal control plane, the block diagrams can be 
obtained using figures 10.9 and 10.10 after a corresponding replacement of the 
transfer functions and all actuating signals. 

If the rocket is guided by proportional guidance, the first and second 
forms of the block diagrams of homing systems for a vertical plane can be ob¬ 
tained also from figures 10.9 and 10.10. However, in this case it is necessary 
to take into account that the measured value of the mismatch parameter A^, in 

accordance with formula ( 2 . 6 . 16 ), is determined by the following expression 


V M cl 




TqD 2 + D + k x 


■£ —A;0, 


where k* is the transfer coefficient of the 0 measuring instrument. 

0 

On the basis of the block diagrams for given transfer functions 
L(D), F(D), W^(d) and W^(D), it is possible to find the characteristic equa¬ 
tion of a closed guidance circuit and determine the necessary conditions of 
stability of the homing system. With a change of the control law, the struc¬ 
ture of the homing system and therefore its characteristic equation will 
change. 

For example, if 6 = k [k + VL.(D)a], in the case W (D) = k (where k 

r 7 rpn a 7 a a a 

is the transfer coefficient for the angle of attack measuring instrument) and 
in the case of an inertialess apparatus for forming commands K, the homing sys¬ 
tem in the case of parallel approach and proportional guidance will be 
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Figure 10.10 


structurally unstable. This can be attributed to the fact that, in addition to 
inertialess amplifiers, the circuit will include two links with the transfer 

1 v 

functions - and —, not included in the feedback, and one oscillatory link. 

T V D D 

The oscillatory link is obtained as a result of conversion of the links with 

the transfer functions F(D) = k , W D = k and ---- . It must be re- 

pr> a a D* + 2<*o> 0 D + <u- 

membered at the same time that the mentioned oscillatory link will possess high 
natural frequency and damping in comparison with the link having the transfer 

a 

function -$-—. As a result, the introduction of a link with the 

D* + 2 do> Q D -f* o>5 

transfer function ^(D) = k leads to a decrease of the duration of transient 
processes. 

In order for the system to be stable when 6 r = kp r [K + W q (D) a], where 

W a 0>) = k a , it is necessary to differentiate the mismatch parameter. However, 

the presence of noise in the coordinator radio receiver and the fluctuations of 
the signals arriving from the target leads, as is well known, to an appreciable 
distortion of the differentiated signal. 

In the selection of a control law of the form 6 r = k^ r [K + ^ one 

the integrating links will be included in the feedback and the guidance circuit 
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will be stable even with performance of integration functions by the link L(D). 
At the same time, the time constant of the system increases and as a result, 
there is an increase of the time of the transient processes, 

A compromise solution of the problem of ensuring structural stability of 
the homing system and the admissible time of transient processes is the use of 
a control law in which the movement of the control surface is dependent not only 
only on #, but also on a. If the duration of transient processes does not play 
a special role, it is not necessary to introduce the signal a into the control 
law. 


10,4. Block Diagrams of Radio Zone (Beam-Riding) Control Systems 

First, we will construct the block diagram for a beam-riding control /^b 
system, assuming for generality that the control point at which the radar 
station is situated and which forms the radar beam is moving. Then, we will 
consider the control process in a vertical plane, assuming that the rocket is 
guided by the coincidence method. 


The general system of equations, derived on the basis of expressions 
(9.1.20), (9.1.21),(2.9.1), ( 2 . 9 . 2 ), ( 9 . 8 . 7 ), (4.5.5), (4.5.1), (4.5.2) and 

(5.8.1) when K q = K Q , ^ = A m , S CQm = 0, and under the condition that the sub¬ 
scripts "v" in formulas (4.5.1), (4.5-2) and (4.5.5) are omitted has the fol¬ 
lowing form 

T v b = a — A 0 , 

® “t - 2rf<o 0 a -(- «*>o a = p~r &o)> 

* = • + «, 


r t = cos q t — v c cos q c , 
r t i t = -Vt sin ? t + v c sm q c , 
r r = v cos q r — v c cos q ic , 
rj T = -v sin q r + v c sin q 1CI 

?r *r 
% = 

?c = £ t~ ®c. 

^ic — e r— ®c> 

\=F(D) [A:+M7.(Z))a + Vr # (D)»] ( 
K=L(D)t^, 

^m %. 1R > 


e = e — s 

1R R r » 

\= W n<P) V 


(10.4.1) 
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The system (10.4.1) contains 16 equations with l6 unknowns: 9, a, f> T , 

r , q . q , «, r , q , q , e , K, A e and e , where is the angle of 
ttctrilcr m R 1R n 

inclination of the equisignal direction produced by the radar set whose track¬ 
ing system has the transfer function W(D). 

The values v^, v c , 0 C and in a general case representing the projec¬ 
tions of the vectors v, and v_ onto the vertical plane o x y , are given. 

t c * c ce^ce* 

The parameters and 6^ also are considered known. 

In order that there be no inadmissibly great overloads, in the course /535 
of rocket guidance by the coincidence method, the rocket should fly in the 
direction of motion of the target. The control point should adhere to this 
same path so that its radar set will ensure stable automatic tracking of the 
target. Under these conditions, the angles q^, q c , q-^ c and q r are small and 

the kinematic equations assume the following form 




We recall that according to formula (4.5-3) k changes proportionally to 

DF 

the distance between the control point and the rocket. 

A block diagram corresponding to the system of equations (10.4.4) is shovr. 
in figure 10.11. We note that figure 10.11 also shows circuits characterizing 
the ff current M miss of the rocket h^, read along the perpendicular to the vector 

r and the normal acceleration j . In this case, h obviously represents the 

value of the mismatch parameter, expressed in linear units under the con- 
dition that the rocket is situated at the distance r r from the control 

point. In accordance with this definition, we have 


h t = r r( e t * e r)- 


(10.4 


When r r = r^, formula (10.4.5) determines the guidance error (miss of the 

rocket. As before, we will assume that the lag of the center of mass of the 
rocket from the vector r^ causes a negative miss. 

Figure 10.11 shows that the transfer coefficient k r of an open system 

with the breaking of the circuit at the point a is virtually not dependent on 
the distance r p , which is caused by the presence of a range potentiometer in 

the coordinator. This is one of the important differences between homing and 
beam-riding control systems. 

The same conclusions can be drawn with respect to the influence of the 
form of the control law on the dynamic properties of the guidance circuit as 
were drawn for homing systems. 

The system of equations (10.4.4) and the diagram in figure 10.11 reflect 
the first form of the equations and the block diagrams for beam-riding control 
systems. 

If the kinematic relationship of the rocket, target and control point is 
established on the basis of the velocity of deflection of the center of mass 
of the rocket along the normal to the vector r^, it is possible to obtain a 

second form of block diagram. In accordance with figure 2.15, under the con¬ 
dition that the current miss h^ is considered positive, if the rocket outstrips 
the target, we have 


V sin (e t - 6 ) - v q sin (e t - @ c ) + r^. 
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Figure 19.11 


We note that such an equation is obtained on the basis of the kinematics 
of plane-parallel motion of bodies. 

As already noted, in some cases, it can be assumed in the coincidence 
nethod that sin (e^ - 0) « - 0 and sin (e t - 0 C ) w e^. - 0 C , but r « r t - r r . 

Therefore 


,l t = Tt( r .r B d~ vQ + *«•*• 


(10.4.6) 


It must be remembered that in writing expression (10.4.6), the approximate 

equality r « v - v was taken into account; this was obtained for cos (e - 0) 
r c r 

* 1 and cos (e - 0 ). But 
r 

n _+ : _® c sin(* u — «c) — ®«sin(t„ — 8„)__ v c \e„ — 0 C ) — v u (i u — 0 n ) 

e n _ - --7”-• 


From the latter expression, taking into account that the condition v - v c 
* is satisfied for small angles and q c , we obtain 


dt 


V^-vA- 


(10.4.7) 


The expression (10.4.7) determines the relationship beteen and 

the given functions v , 0 , v and 0 . 

"C *c c c 


/5 3 8 
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For the closure of the control system, which is obtained from (10.4.1), 
with the introduction of the kinematic equation (10.4.7 )> it is necessary to 
have an expression relating the angle e r with the miss h^. This relation which 

follows from formula (10.4.5) has the following form 


e 


r “ 



(10.4.8) 


Taking expressions (10.4.1), (10.4.6), (10.4.7) and (10.4.8) into account, 
we find the second form of linearized equations describing the rocket guidance 
process in the vertical plane by means of a beam-riding control system 


e = ±(a-A 0 ), 

1 V 

a + 2du> 0 a + (Uq® = a, (& r -f o 0 ), 
8 r = F(D) | AT + W a (D) a + W h (D )»]. 


K=L(D)^, 

\ =u a~ 


: e „— 6 . 
R 


¥ 



K—'ji (^ 6 t) ~ 4- f A-. 

-Jr( £ t r t) = ' a t 0 t-®A. 


(10.4.9) 


The block diagram corresponding to the system of equations (1C.4.9) is 
shown in figure 10.12, This diagram differs from figure 10.11 only in the 
structure of the kinematic link. 


In those cases when a beam-riding control system is used for rocket guid¬ 
ance toward a fixed target from a fixed control point, the block diagrams are 
simplified considerably. 


As an illustration, we will consider a system of lateral guidance of a 
rocket with plane aerodynamic symmetry. The equations describing the 
guidance process under the mentioned conditions, under the assumption that 
the angle of slip a s = 0, will have the following form 


! c ,i 
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• b — D(TD-r l)'a’ 

+=--^v 

^h =i h<0)4 mh . 

\iH—“f —^p^Rh > 
e m]f =e Rh — ®rh> 

e Rfi=Hhf As th> 

~dt ^rh e rll ~ ’ 


(10.4.10) 


where the first two equations were written on the basis of relations (9.2.10) 
and (9.2.11). 

The subscripts "h" in all the equations (10.4.10) indicate that the sig¬ 
nals K^, A^, ^Rh’ e rh* € th an< ^ r rh ^ e ^ ne > respectively, the values of the 

commands, the measured value of the mismatch parameter, the angle between the 
equisignal line and the direction to the rocket, the azimuth of the rocket and 
of the target, and the range to the rocket in the horizontal plane. These 
same subscripts "h" characterize the transfer functions F^D) and L (D) for 

apparatus ensuring deflection of the ailerons under the influence of commands 
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and additional control signals and also for apparatus forming the commands 
in a horizontal plane. 

In the derived system of eight equations (10.4.10), the unknowns are \|r, 
Yb> ^ , K^, an ^ e r j 1 > an< ^ ^ e th c * iarac 'k er i zes the setting of the angle 


The block diagram corresponding to equations (10.4.10) is shown in figure 
10.13. This figure also shows the link determining the relationship of y^ to 

the signal characterizing the normal acceleration of the rocket in the /p4l 

horizontal plane. If one of the axes of the rectangular coordinate system 
whose origin is situated at the control point is superposed with the direction 
to the target, the angle = 0 and the arc - r r b e r h equations (10.4.10) for 

small deflections of the rocket from the straight line connecting the target to 
the control point will approximately characterize the linear error of rocket 
guidance h zt for a given value r^. When r^ = r^ the value h z ^. will repre¬ 
sent the miss of the rocket. 

In addition, in the sixth equation of system (10.4.10), the angle must 
be considered equal to 


e rh " e th 


r rh' 


Under these conditions, the block diagram shown in figure 10.14 is obtained. 

If the radio zone control system uses radio navigation measurement instru¬ 
ments for determination cf rocket coordinates, depending on their type, it is 
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Figure 10.14 


possible to obtain a considerable number of equations and block diagrams char¬ 
acterizing the guidance process. Since the method for solution of the problem 
of the block diagram of a particular control system is common for all, we will 
consider only one form of the radio zone control system. We will assume that 
the coordinator is based on an add-subtract— range-finding system and that the 
guided rocket has plane aerodynamic symmetry only in the horizontal plane. In 
addition, we will assume that the trace of the reference trajectory coincides 
with the perpendicular to the base, passing through its middle. 

In accordance with expression (4.12.18), the coordinator of the con- /542 
sidered type is described by the following equation 


u 


z 




where 


A 

z 


r r e lFt 


= r r (e 


th 


- ‘rh'* 


If the value of the angle Ae is assumed to equal zero, and the link with 

un 

the transfer coefficient k^p ^ is replaced by two links connected in series 

having the transfer coefficients k z and r r , we obtain the block diagram shown 
in figure 10 . 13 . 

We note in conclusion that in comparing the block diagrams shown in figures 
10,11 to 10.14, it was assumed that the instruments for conversion of mismatch 
signals into commands are situated in the automatic pilot unit. Under real 
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conditions, the apparatus having the transfer functions L(D) and L^(D) can be 
fully incorporated into the coordinator or form an independent unit. 


10.5. Block Diagrams of Command Control Systems 

If we wished to consider all possible methods for design of coordinators 
and command control radio links, it would be possible to present a very great 
number of types of systems of command radio control for the same rocket guid¬ 
ance method. 


We will consider first the problem of the block diagram of a command radio 
control system of the first kind for a case when the rocket is guided by the 
coincidence method. In order for the block diagram to be most general, we will 
assume that the coordinates of rocket and target are determined by different 
measuring instruments RCI and TCI and the target and control point are moving. 
At the same time, we will assume that the RCI and TCI are situated quite close 
to one another so that the system includes no computer for producing signals 
for compensation of parallax errors. 


As already mentioned repeatedly, in most cases, it is possible to consider 
separately the processes of guidance in vertical and horizontal (or oblique) 
control planes. Hereafter, we will investigate control only in a vertical 
plane. All the conclusions which will be drawn can be applied also to the 
lateral motion of the rocket, taking into account its equations and the trans¬ 
fer functions of all the control apparatus. 

The general system of equations obtained on the basis of expressions 75^3 
(9.1.20), (9.1.21), (2.9.1), (2.9.2), (9.8.7), (7.1.2) and (5.8.1) when 
K a = K a , A m = A m and S com = 0, has the following form 


T v 6 = a — A 0 , 

a -f 2dto 0 a + win = a t (8 r — o 0 ), 

» = 0 + a, 

r t = t> t cos q t — v c cos q c , 

r t e t = —^t 5111 ?t+ Vc sin 
r r = v cos q r — v c cos q )c , 

r T e r = — v sin q T + v c sin q lc , 

7 r = 6 r- 0 - 

?t =£ t- 0 b 
?c— e t — 0C ’ 

<7ic = s r -0 c > 

o r = F(D) \K + W.(P) a+ W I) (D) «>), 
K= L{D)K a , 


(10.5.1) 
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In the derived system (I0.5«l) there are 15 equations; the unknown func¬ 
tions are 6, a , « r , £, r t , q t , q Q , q p , « lc , « r , r r , K, u h and K fi . Among 

these equations, the first three characterize the motion of the rocket, equa¬ 
tions 4-11 define the kinematic relations and the other four equations de¬ 
scribe the processes transpiring in the automatic pilot, the command control 
radio link, the apparatus for forming the commands and the coordinator. 

It follows from system (10.5.1), representing one of the forms of the 
equations defining the guidance process in the coincidence method, that the 
current miss of the rocket ht, that is, the deflection of its center of mass 
along the normal to the control point-target line for the current time, is not 
included in explicit form in the guidance circuit. However, this parameter, 
equal to 


h = r (e, - e ), 
t r v t r 7 


(10.5.2) 


can be determined from the given values r r and and also on the basis of the 
computed value of the angle e . 

If all the considerations expressed during the discussion of beam- /^h 
riding control systems are taken into account, system (10.5.l) can be 
reduced to the following form 


i = ±(a-A 0 ). 

1 V 

a + 2du> 0 * -r '"o* = (§ r + s o) • 

§ c = F(D) \K - 1 - W a (D) a + (£»»]. 

K=L(D)K a , 

/£ = £,(« a* 

V» h 'W>Vl r t< D >'t- r r'°»Vl’ 




(10.5.3) 


The block diagram corresponding to equations (10.5.3)> with expression 
(10.5.2) taken into account, is shown in figure 10.15. A comparison of this 
diagram with figure 10.11 reveals that the command radio control system differs 
from a beam-riding control system (in both cases during rocket guidance by the 
coincidence method) with respect to the structure of the coordinator, automatic 
pilot and an additional link characterizing the apparatus for forming commands. 

1 V 

A common feature of both is the presence of two integrating links —— and —, 
connected in series. 1 v i; 
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If the control system contains only one radar set, operating, for example, 
by the group method and ensuring the measurement of the difference in angular 
coordinates e - e , the coordinator equation is modified. In this case, the 

”G 

block diagram of the control system can be obtained on the basis of the dia¬ 
gram in figure 10.15 by connecting the apparatus shown in figure 10.6 to the 
points a and b and by eliminating the links W^.(D), W r (D) and kp 0 -t-d r pr* 

We note that in figure 10.16 the radar set is represented by a link with 
the transfer function Wp(D), whose output signal is the voltage u^, charac¬ 
terizing the angle e^. 

In a case when the control system is nonautomatic, the apparatus for 
forming the commands is characterized by the following equations (section 5-9) 


K 

a 


= A 
oc lev 


and A n = k (l + T D) A (t 
lev o' o ' m ' 



Then when an inertialess instrument is used for measuring the difference 
between the angles and e r , and under the condition that the rocket is 

stabilized for banking, and only control commands K are fed to the control sur¬ 
face apparatus, we obtain the block diagram shown in figure 10 . 17 . 


kp 0 td r pr 

From point 
From point 



To point c 


Figure 10.l6 
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Figure 10.17 


In this case 


j 


A tn = k c («t - e r^ > 


where k c is the transfer coefficient of the coordinator (such as an optical 
coordinator). 

Since the signal K a is a fluctuating signal, it is infeasible to develop 

a command control radio link and a control surface control apparatus in such a 
way that they will perform amplification operations and differentiation func¬ 
tions. These apparatuses are essentially inertialess. Under such conditions, 
for the guidance circuit to be stable it is necessary to impose extremely 
rigorous requirements on the actions performed by the operator. This can be 
attributed to the fact that the portion of the effect for the derivative of 
A m , that is, the coefficient characterizing the value 6 r for an individual rate 

of change of A^ should be quite large and at the same time limited both at the 

top and at the bottom. The need for thorough training of the operator disap¬ 
pears when using more rational control laws. In automatic control systems 
with fixed rocket parameters, this can be achieved by the selection of a con¬ 
trol law and a transfer coefficient k r open at the point A (fig. 10.15) of the 
guidance circuit. 

In command control systems, it is easier to ensure the necessary value k^ 

by the use of adjustable components in the circuits of the measuring instru¬ 
ments, computer and command control radio link. 
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Figure 10.15 shows that with the use of the value and sign of the linear 
deflection of the center of mass of the rocket along the normal to the vector 
r^ as the mismatch parameter, the transfer coefficient k r of the open guidance 


circuit is not dependent on r r 


if r 


pr 


r . At the same time, when the mis- 
r 


match parameter is the value and sign of the angle formed by the vectors r f and 
r., the value k decreases with an increase of r (fig. 10 . 17 ). 

If the first kinematic equation in system (10.5.3) is replaced by relation 
(10.4.6), a second form of block diagram of a command radio control system is 
obtained (fig. 10.18). The principal characteristic of this diagram is that 
the signal h^ enters directly into the guidance circuit. The diagram shown in 


figure 10.17 also can be transformed in a similar way. 


The problem of the stability of the circuit for different control laws and 
the selection of the necessary transfer coefficient k^ should be solved on /5^ 

the basis of known methods of the theory of automatic control systems. 


The processes transpiring in command radio control systems during the guid¬ 
ance of a rocket by the approximate parallel approach method are described by 
the system of equations (10.5*3) if the coordinator equation in it is replaced 
by the relation 
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Figure 10.19 


A m - u h - VtdV |w t (D)et - W r (D) 6j 


N.(D)r. - N (D)r 
' t r' 7 r 


^potd 1 


C V 0 - W t (D). t 3 • 


(10.5.4) 


In this expression, which is derived on the basis of equation (5.5.6), r^, 
r r , €q and r pr = r r are considered given functions of time and k € eQ character¬ 
izes the voltage u £ (t) in (5.5-6). 

Then it is possible to obtain the first form of the block diagram shown in 
figure 10 . 19 . 

The value of the guidance error h^, noted in figure 10.19, is 

ht = r r (e K - « r ), 

where e^. is the angle between the axis o c x ec and the straight line on which the 

center of mass of the rocket should be situated during its motion along the 
reference (kinematic) trajectory. 
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For the approximate method of parallel approach 


e T , = e 


r t - r r 


K " t - r . 


pr 


(«0 * e t )' 


(2.8.7) 


Therefore, assuming that r = r r , we will have 


= r,e, - (r. - r )c rt - * - . 
tt 't r O rr 


«« - re 


(10.5.5) 


It therefore can be seen that for the end of the guidance process, when r^ = r , 


H = r t^ e t - V> 


( 10 . 5 . 6 ) 


It should be noted that equation (10. 5 .M is nonlinear. Therefore, the 
resulting diagram (fig. 10.19) can be considered a block diagram only condi¬ 
tionally. When the principle of "freezing" of ranges r^ and r r « rp r is ap¬ 
plied, equation (10.5. 1 *-) is transformed into a linear equation, and it is then 
possible to construct easily a block diagram of a fully linearized control 
system. 

For finding the second form of the block diagram of a command radio con¬ 
trol system for the approximate method of parallel approach of the rocket to 
the target, it is also possible to use system (10.5*3) if the coordinator equa¬ 
tion in it is replaced by relation (10.5.4) and the first kinematic equation is 
written in the following form 


h, — v sin (e K -- °) + r e K — v c sin (e, — fl c ). 


(10.5.7) 


When the guidance process is such that 


and 


we obtain 


sin (e K _ 0; ~ e K _ 0 


sin (s K - 0 C ) * e K - 0 C , 

h t = 4i ( r t 8 t “ re ») - v9 + v C 6 C . 


/ c s c l 


(10.5-8) 


We note that in deriving the equation (10. 5 . 8 ), the expression for and 
the formula r r « v - v c were taken into account. 
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Figure 10.21 


Then, after replacement of the coordinator equation and the first kine¬ 
matic equation in (10.5.3) hy the relations (10.5.4) and (10.5.8) and taking 
expression (10.5.5) into account, it is possible to construct the block dia¬ 
gram shown in figure 10.20. With the "freezing" of the distances r r and r^., we 

obtain a block diagram in which the coordinator will be represented by a linear¬ 
ized equation. 
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The block diagrams of command radio control systems of the second kind 
can be obtained from the corresponding diagrams of homing systems if they in¬ 
clude equations characterizing the data transmission system, the action of the 
operator, an apparatus for forming commands and a command radio link. 

As an example, figure 10.21 shows the block diagram of a command radio 
control system by means of which the rocket is guided by the direct method. 

Linearized equations for such a system in a case when the miss of the 
rocket is one of the signals acting within the guidance circuit has the follow¬ 
ing form 


e = ^(a-A 0 ), 

a -f- 2du> 0 n -(- Ulya = a t (8 r -f- 8 0 ), 

* r = F (D) [K + W* (D) » + W, (D) aj. 
K=L(D)K a , 

Ka—kdch lev* 


A lev = Ml +7’ 0 D)A 


m 

A =u = A -r 

m DF c 1 

T = «-». 

» = 0+a, 




* (M/) 

dt 


='KVf. s )- 


*,=-• 
1 v 0 


(10.5.9) 


We note that in this system of equations k c is the transfer coeffi- 

cient of the coordinator, including an instrument for measuring the angle y, 
which is carried on the rocket, a system for transmission of data from aboard 
the rocket to the control point and an indicator set up at the control point. 


10.6. Block Diagrams of Autonomous Control Systems 

In autonomous control systems, the mismatch parameter characterizes the 
linear deflection of the center of mass of the rocket from a fixed trajectory 
in a horizontal (or oblique) and a vertical plane. 

If the process of rocket guidance in a vertical plane is considered, we 
obtain the following linearized equations describing the operation of an auton¬ 
omous control system 
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e = ^(a-4>). 

1 V 

a -|- 2d<o Q a, + a>o = a t (8 r + 8 0 ), 
* r =F(D) [K+ W»(D)*+W.(D)a\. 
K=L(D)a, 

m 

a,= W k {D)H. 
fi=v6. 


( 10 . 6 . 1 ) 


Here W (D) Is the transfer function of the instrument for measuring the flight 
h 

altitude of the rocket, u„ is the voltage (current) produced by the instrument 

n 

for measuring altitude H, u ^ is the voltage (current) characterizing the stip¬ 
ulated flight altitude of the rocket. 

The kinematic equation 

H = v0 (2.4.2) 


is written on the assumption that 6 = Q y . 

System (10.6.1) corresponds to the block diagram shown in figure 10.22. It 
is a characteristic of this block diagram that part of the apparatus of the 
coordinator (instrument for measuring altitude H) is placed in the feedback 
circuit of the external guidance circuit. The apparatus forming the command K 
can be included within the automatic pilot unit or outside it. 

The behavior of the autonomous control system in the horizontal plane is 
determined by equations similar to those which enter into system (10.6.1). For 
example, if the rocket has plane aerodynamic symmetry and a = 0, we ob- / 
tain the following system of equations s 


T b D (T^D +1)1’ 

♦=-- 

*a= f h< D >l*h+"WTiJ. 

*h =Z h<«0mh. 

A mh~ ~ u *' 
u,= W,(D)z, 

z = v^. 


( 10 . 6 . 2 ) 
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Figure 10.22 


where u is the voltage produced by the instrument measuring the linear deflec- 
6 

tion of the center of mass of the rocket from a fixed trajectory in the hori¬ 
zontal plane, and W z (D) is the transfer function of the instrument for measure¬ 
ment of’ the linear deflection of the center of mass of the rocket from a fixed 
trajectory in the horizontal plane. 

On the basis of equations (10.6.2) it is quite easy to obtain a block dia¬ 
gram which, in form, will correspond to a considerable degree to figure 10.22. 
There will be a still greater correspondence between the block diagrams of the 
systems for control in the vertical and horizontal guidance planes when the 
rocket has axial aerodynamic symmetry. 
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CHAPTER 11. ACCURACY OF ROCKET GUIDANCE AND 
NOISE IMMUNITY OF RADIO CONTROL SYSTEMS 


11.1. Principal Sources of Errors in Rocket Guidance 

As already mentioned, it is desirable to characterize the quality of 
the control system by the guidance error (miss) of the rocket. The value 
of the miss is determined by dynamic, instrument and fluctuation errors. 

The dynamic errors are caused by the fact that the rocket itself and the 
regulating apparatus of the control system have inertia, and as a result the 
input actions occur with a lag. Depending on the structure of the control sys¬ 
tem, the value of the dynamic error h^ is dependent on the form of the control¬ 
ling action, which in turn is determined by the trajectories of motion of the 
target and of the control point. 

The character of motion of the target and of the control point influences 
the kinematic (reference) trajectory along which the rocket should move. With 
an increase of the curvature of the kinematic trajectory, the error h^ in¬ 
creases. If the controlling action is a random function of time, at each 
moment of time the value h^ can assume some value with a particular probability. 

In the case of random initial conditions of the launching of rockets, h^ will 

be random even for an identical character of motion of the target. In actual 
practice, the computation of the dynamic error in many cases is accomplished 
conveniently by working on the basis of a specific hypothesis on the motion of 
the target and of the control point, and also on the assumption that the param¬ 
eters of the control system are known. It then can be assumed that, for a 
specific moment of time, h^ is a determined value. 

The instrument guidance errors h^ n include the errors of the instruments 

for measuring the coordinates of the target and rocket, computer, apparatus for 
forming commands, command control radio link, automatic pilot and the de- 
sign tolerances in manufacture of the rocket. The reasons for these errors 
can be shortcomings in the design and circuitry of this apparatus, presence of 
free play in moving parts of individual instruments, inaccuracy of calibration, 
etc. So-called systematic errors frequently are included in this same group, 
that is, errors caused by imperfections of the methods used for measurement of 
the coordinates of the target and rocket, and also the errors arising due to 
skewing of coordinate systems. 
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We note that the concept of skewing of coordinate systems refers to the 
lack of parallelism between the final control and all other coordinate systems 
used in the control system. 

The instrument errors h^ n of each of the apparatuses in the control system 

has regular and random components. As a result, it is possible to determine the 
mathematical expectation and correlation function (or dispersion) of the error 
hin* Usually the regulating apparatus of the control system is constructed in 

such a way that the value h in is negligibly small. 

The fluctuation errors of guidance are caused by perturbations acting on 
the control system. The principal sources of this group of errors are: 

(1) fluctuations of amplitude and the effective center of reflection of 
radio signals arriving from the target to radar coordinate measuring instru¬ 
ments; 

(2) fluctuations of signal parameters caused by instability of the condi¬ 
tions for propagation of radio waves, especially in the jet of gases of the jet 
engine of the rocket; 

(3) instrument noise of the radio receivers included in radio control 
systems; 

(4) fluctuations of the velocity vector of the wind, caused by atmospheric 
turbulence; 

( 5 ) active and passive interference organized by the enemy; 

(6) fluctuations arising during the quantization of transmitted signals, 
with respect to both level and time. 

The analysis of the accuracy of guidance of controlled rockets is an im¬ 
portant part of the theory of radio control systems. As already mentioned in 
the preceding chapter, the direct method of analysis of guidance errors involves 
the solution of differential equations describing the processes of rocket 
control. Since a large percentage of these equations are nonlinear, it is not 
possible to make a separate determination of the dynamic, instrument and fluc¬ 
tuation guidance errors. As a rule, the total error can be determined only by 
modeling the guidance process using electronic computers. In theoretical in¬ 
vestigations, it is possible to compute only the approximate value of the miss. 
The miss is computed most easily by solution of the linearized equations of 
the radio control system with application of the principle of "freezing” of 
slowly varying coefficients. Under these conditions, the accuracy of /557 

rocket guidance can be determined in accordance with the methods of analysis 
of stationary linear automatic control systems. We note that the possibility 
of applying the principle of "freezing" of the variable coefficients should be 
considered separately for each investigated control system. Further simplifica¬ 
tion of the problem of determining rocket guidance errors is based on the 
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assumption that it is possible to neglect the small inertia of such apparatus 
as the command control radio link, automatic pilot, computers and instruments 
.for measuring the coordinates of the rocket and target. It follows that such 
an assumption is legitimate from the fact that all the mentioned links have 
broader passbands than the rocket and that the input actions themselves repre¬ 
sent slowly and smoothly changing functions of time in which the higher deriva¬ 
tives are insignificant. 

However, it must be remembered that the application of the theory of 
linear systems of automatic control, and the principle of "freezing” of coef¬ 
ficients is possible only in those cases when the parasitic perturbations 
acting on the radio control system do not lead to a random or a determined law 
of change of its parameters. In this connection, it is most important to 
establish what processes will occur in the elements of the radio control sys¬ 
tem when it is acted upon by different kinds of perturbations. 

The objective of the discussion which follows is examination of the prob¬ 
lems involved in the method for determination of the dynamic and fluctuation 
errors of rocket guidance for linearized homing systems, radio zone control 
systems, command control systems and autonomous control systems. In order to 
shorten the length of the book, we will assume that all the sources of fluc¬ 
tuation errors in guidance (except atmospheric turbulence) form interference 
which act upon the electronic apparatus of the radio control system and that 
they have specific statistical characteristics. 

No special consideration will be given to the influence of instrument er¬ 
rors and atmospheric turbulence in this chapter, although their influence can 
be taken into account in conjunction with the method discussed here. 


11.2. Dynamic Errors in Rocket Guidance 

In an investigation of the spatial motion of a rocket, the dynamic error 
can be represented in the form of the vector h^ in the reference plane °y r z r * 

If the components of this vector along the axes oy r and oz r are denoted hg and 

va ^ ue dynamic error h^ will be equal to 

b=V*l,+*L. 


and the inclination of the vector in relation to the oz r axis forms the /^8 
angle 


fk = arc tan — 

o h-. 

oz 
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it is suf- 


Since the same method is used for determination of h and h , 

oy dz 

ficient to consider the errors for only one guidance plane. In this section, it 
will be assumed that the motion of the rocket occurs in the vertical plane. 

Then h^ = h^ . 

In homing systems, the input action is the value v^ and the direction G ^ 
of the velocity vector of the target. When a rocket is guided by a beam¬ 
riding control system and a command control system from a moving control point, 
the input signal is determined by the angles 6^ and G Q , and also the values 

v^. and v Q of the vectors v^ and v c . If the linearized equations of the control 

system are considered, in accordance with the superposition principle, the 

value tu, with G , 6 , v and v taken into account, will be equal to 
o t c t 


h 


a 



+ h 

2 


y 


where h^ and h^ are the dynamic guidance errors caused by the motion of the tar¬ 
get and control point, respectively. 

The error h^ should be computed on the assumption that there is a fixed 
control point and on the assumption that v^ = 0. 

It is known that for the dynamic error y^ of a linear stationary automatic 

control system, in which the transfer function of the open circuit is W(D) and 
the input and output signals represent the functions x (t) an ^ x 0 ut^ t ^ f° r a 

steady-state regime, we have the following formula 


bx= in 


( 0—(0 “ l - 


d-*B\ (0 _|_ ]_ <* 2 *»x(0 

dl '2 dt* 


1 


(H.2.:) 


where c k = — * is the error coefficient of the (k + l)-th tera, and 
dD * o 

W q (D) is the transfer function of the error. 

Radio control systems are nonstationary. However, command control systems 
and radio zone control systems, especially in the case of rocket guidance by 
the coincidence method, are close to stationary. This can be attributed to the 
fact that with a sufficiently precise formulation of the law for r (t), the 
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parameters of the guidance circuit in the case of using the coincidence method 
vsry with time only due to a change of the coefficients a^, d, and T y , char¬ 
acterizing the rocket as an object of control. 

In systems of command radio control ensuring guidance by the parallel ap¬ 
proach method, the guidance circuit parameters are influenced not only by a^, d, 

iDq and T v , but by distance as well. However, the change of a^, d, U) Q , T y 

and r with time occurs relatively slowly. Therefore, when determining /559 

the dynamic errors of beam-riding control systems and command control systems 
for a specific segment of the rocket trajectory, when a small interval of time 
is considered, all the coefficients in the equations of these systems can be 
considered constant and equal to their values at the time of flight by the 
rocket through the middle of the investigated segment of the trajectory. Then, 
when finding the dynamic error of rocket guidance, it is possible to use 
formula (11.2.1). 
j 

Computation of the value h^ using this same formula for homing systems, 

whose transfer constant is dependent not only on the properties of the rocket, 
but also on the distance r, involves great errors and can be accomplished only 
if the principle of "freezing" of variable coefficients is applicable. 

The purpose of this section is a discussion of the problem of use of the 
formula (11.2.1) for different types of linearized systems of radio control and 
different methods of rocket guidance. 

It follows from expression (11.2.1) that for determination of the dynamic 
error h^ of a radio control system, it is most important to find the transfer 

function W Q (D) which gives the relationship between the current miss h^ and the 

input actions. It is easy to see that W q (D) will be dependent not only on the 

type of system but also on the guidance method. 

If rocket guidance is accomplished by the coincidence method, using a com¬ 
mand control system, in accordance with the block diagrams shown in figures 
10.15 and 10.17 and expression (11.2.1) for the dependence of the current miss 

t 

h^ on and x c = jv c O c dt , we obtain 


lEc(fl) Wt(D)^ m , I 
itw ? C (D) { D) ft/r “t i + i v c (D) Ac * 


( 11 . 2 . 2 ) 
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Here W,,(D) = —-—- is the transfer function of the external guidance circuit 
u t (t) 

open at point a, with the signals u.(t) and u (t) or e (t) and e (t) at the 

z r z - r 

input and output (figs. 10.15 and 10 . 17 ). 

■The value entering into expression (11.2.2) is equal to (fig. 10. 15 ) 



e = e -e , 
t tl t2’ 

( 11 . 2 . 3 ) 

where 

/ 

s t> = } J 

t o 

( 11 . 2 .M 


t 

et2 = ^. = ljv c e c dt. 

(11.2.4a) 

Therefore 

it is possible to write 

/560 


h t ‘ h lt + V 


where 

r W C (D) «t(D) 1 

n " — l 1 1 + W C (D) W t (D) J *ti r r 



is the component of the current miss, caused by the motion of the target and 
dependent on the distance r r and the transfer functions tf c (D), W t (D) and W r (D): 


h 


it — 


f r+ 

r, (O) 

Wt (D) 1 . \ 

\1+ W C (D) 

[* 1 + U/ c (D) 

W r (D) Jtj 


«tj 


is a component of the current miss caused by the motion of the control point 
and dependent on the distances r r and r^, and also on the transfer functions 

W C (D), W t (D) and W r (D). 


The value of 
it encounters the 


the dynamic 
target will 


error of rocket guidance 
be equal to the value h^ 


h in the 
o 

when r = 
r 


region where 
r^, that is 
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h a = h t 


r r =r t * 


(11.2.5) 


r =r t = hlt 


r r =r t + h 2t 


In accordance with formula (11.2.1), for the stipulated distance r r for 
the component h-^ we will have 


U - t 


h\t — c o e ti r r+ c \ r r + jVr dP *! c * r r d l' *+ 


( 11 . 2 . 6 ) 


Here 


c * = 


<**r 0 , (o> 

dD k 


I D-0 


r c (P) Wt(D) 

\+W c (D) W V (D) • 


If the functions W (D), W.(D) and W (D), and also the laws of change of 

C X I* 

v. , 0 and r with time are known, it is possible to compute the coefficients 

u X I* 

•,k. 

c' (k = 0, 1, 2, ...) and the derivatives -—, after which all the terms in 

dt k 

expression (11.2.6) are determined. Usually, since the function e.^(t) changes 

slowly with time, it is necessary to take into account no more than 3-5 terms 
of series (11.2.6) and sometimes only the first non-zero term. 

It is simplest to compute h^ when the transfer functions (D) and W r (D) 
are identical, when 

W — 1 

01 i + ir c (D) 


The form of the function W C (D) is dependent on the control law and the / 56 I 

structure of the automatic pilot, and also on the structure of the apparatus 
for forming and transmitting commands. However, in a general case, it is pos¬ 
sible to write 


%iP) = 


_ 1 _ 

D’ 


Q (£) 

A (D) ’ 


where v is a whole number characterizing the degree of astaticism of the system, 
and Q(D) and A(D) are polynomials also containing free (not dependent on D) 
terms. 
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Usually, it is very difficult to design a stable system whose degree of 
astaticism is greater than 2. Therefore, in most cases, it is necessary to 
deal with transfer functions W C (D) for which v is equal to 1 or 2. 

If v = 1, when W(D) = W (D) 

Ti r 


W ol (D) = 


_1__Q, ( D) _ 

1 Q^ -A^D) - aD n + D"-* + ... + a,D + Oo 

1 + D A (D) 


and the values of the first four error coefficients are equal to 


C 'o- 0 ’ C ‘~ *v • C '*— L ( b 2 - ■&)• C 3 


where k, r = DW„(D) is the transfer coefficient of the open external veloc- 
v c iDeO 

ity guidance circuit. 

For second-degree astatic systems 


W M = 


_1 __ Q 2 (P) _ b *£* + + • • ■ + 


l+±- 2 ^ a n Dn + a n _,D^+... + a x D + a 9 ’ 


where Q 2 (D) = D 2 A(D) and A (D) = D 2 A(D) + Q(D), it can be found that 


c' 0 -0, c\-0, c' 2 -j- r , c' 3 -±(b s --j±) 


We note that in the expressions determining c^ and c^, the value 


k lr = d 2 M d ) 


D=0 


characterizes the transfer coefficient of the input signal of 


the acceleration radio control system. 

Now for the component h^ = h^l r of* the dynamic error h^ in /^62 

' r~ t 

first- and second-degree astatic systems, we obtain, respectively 
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u = t 
P = r 


(11.2.7) 


h 



y* dt 

d't ai 

“ dt' 

r dHu ' 
r “ dt> 


" + 

f .... 


^+... 


( 11 . 2 . 8 ) 


It can be seen from expressions (11.2.7) and (11.2.8) that in systems with 
first-degree astaticism, the error h^ is not dependent on the value e , and in 

systems with second-degree astaticism, the value h-^ also is not influenced by 
the rate of change of e^. It then should be noted that, whereas in the 

case of rocket guidance from a moving control point h-^ characterizes one of two 


components of the dynamic error of guidance h , in the case of a fixed control 

o 

point h^ represents the total dynamic error h^. 

In order to decrease h for a specific function e (t), it is necessary to 

1 tl 

increase the coefficients k y and k^ r which, as already noted, are dependent on 


the transfer properties of all the elements forming the guidance circuit. How¬ 
ever, the maximum values k y and k are limited by the requirement of ensuring 

stability of the process of guidance and the technical possibilities of the 
automatic pilot, etc. 


For the component h 
obtain 


r =r. 
r t 


which can be found the same as h 


It 


r =r 
r 


t 


we 


K\ 



=a; 



( 11 . 2 . 9 ) 


where the value h| for first- and second-degree astatic systems is determined 

by formulas (11.2.7) and (11.2.8) with the replacement of e in them by e , 

tl 12 

and the error h' _ should be computed using formula (11.2.6) with the 

r t 

replacement of the function e (t) in it by e (t) and r by r. . If W. (D) = 

ti. t2 1 u t 

W r (D)> then = 0. 


As an illustration of the results, we will consider the example of deter¬ 
mination of the dynamic errors h, = In and in first- and second-degree 

o ol oil 
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astatic systems when W,(D) = W (D) for a case when the control point is fixed 

I* 

and the target moves uniformly and linearly with the velocity v at the angle 

U 

to the horizontal plane. In this case, it will be assumed that the values 

h and h are characterized with a high degree of accuracy only by the first 
dl dll 

terms in the series (11.2.7) and (11.2.8). Then on the basis of expression 
(11.2.7) we find 


’SI - — r tV 


(11.2.1"! 


But in accordance with the kinematic equation 


61 




1 

r a e a = J Vifiadt = 4" ^"uo E uo- 

0 


( 11 . 2 . 11 ) 


where e.,_ and r are the angle of inclination e of the vector r relative to 
tO tO t 

the horizontal plane and to the distance between the control point and the tar¬ 
get, respectively, at the time t = 0. 

We therefore find that 

„ j_ • v u r un ( 0 U — E u0 ) 

h = t e a =- 5 - 

r u 

We note that in obtaining the latter expression, the approximate equation 

r A = r.„ + v^t was taken into account, 
t to t 

Substituting the determined value e into formula (11.2.10) and assuming 

T> 

that in the expression derived in this way r^ characterizes the distance be¬ 
tween the rocket and the control point at the termination of the guidance 
process, we will have 

v u r uo (0 U — 6uo) 

hfii = -- ( 11 . 2 . 12 ) 


Formula (11.2.12), where, as it is easy to find 


V 
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shows that the increase of 0^ - e^Q from 0 to 90 °, with constant values r^, 
r^, v t and k y , leads to an increase of the error h^j. 

If in a similar way for v c = 0 we consider a radio control system with 
second-degree astaticism, we obtain 


U= t 


Aon = 


uo ( £ uo ®u) 


k, 0 r: 


ip'u 


( 11 . 2 . 13 ) 


The method for determination of dynamic errors considered here also is ap¬ 
plicable for analysis of other types of radio control systems for different 
guidance methods. Therefore, we will limit ourselves hereafter to the deriva¬ 
tion of formulas characterizing the current miss of the rocket h for beam- 

riding control systems when guiding rockets by the coincidence method, command 
control systems for the method of parallel approach and homing systems ensuring 
a direct guidance method and the parallel approach method. In addition, we 
note the principal characteristics inherent in the analyzed systems. 

For beam-riding control systems, by means of which a rocket is guided by 
the coincidence method, in accordance with figure 10.11 or 10.12, it can be 
found that 


h, ~ f 1 1 + IF C (D) "r* t r r + i + ip (O) *c- (11.2.14) 

Here W c (D) is the transfer function of a system open at point a, with the sig¬ 
nals e and e at the input and output (fig. 10.11). 

R x 

A similar expression also is obtained from formula (11.2.2) if it is /564 

assumed in it that W (D) = 1 and W (D) is replaced by W_(D). At the same 

1 t R 

time, it must be remembered that in a general case the transfer functions W c (D) 

for command control systems and beam-riding control systems do not coincide 
with one another. 

The value of the current miss for a command control system for rocket guid 
ance by the parallel approach method can be found using figures 10.19 and 10.20 

For the "frozen" values r, and r , we obtain 

t r 
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(11.2.15) 


U = t 
P = r 

K = c 
nd = potd 



r K (P) Wg(D) ] 

i+ir K <P) ir„(D) jvp 


J_C£i 

^nj [ r p 




% 



WAD) *« 
1+ ir K (D) lF p (D) 


8 o r p 


wAD) WAD) 

1 + W K (D) Wp(D) ^ p 


+ 


*c 

1 + WAD) ’ 


where W c (D) is the transfer function of a system open at point a, with the sig¬ 
nals u and u at the input and output (fig. 10.19). If f is replaced by r , 
u r r l 

i 

formula ( 11 . 2 . 15 ) makes it possible to compute the dynamic error h^ = h^ 

Expression (11.2.15), when r r = r^, becomes the same as for command control 
systems ensuring the guidance of a rocket by the coincidence method, if 


r r =r t 


N t (D) «= N r (D). 

In the direct method of guidance of a homing rocket the value h^., as fol¬ 
lows from figure 10.6 or 10.8, for a case when = const and v = const and the 
coefficient r is "frozen," is equal to 


h 


t 



1 

1 + W C (D) 




( 11 . 2 . 16 ) 


where W c (D) is the transfer function of a system open at point a, with the sig¬ 
nals and at the input and output (fig. 10.6). 

A formula of similar external appearance, making it possible to compute 
h , is also obtained for homing systems ensuring the guidance of rockets by the 

parallel approach and proportional guidance methods. 


11.3• Quantitative Characteristics of Noise Immunity of a Radio Control System 
and Their Relationship to Fluctuation Errors of Rocket Guidance 

Each of the radio receivers included in the control system reacts not only 
to the controlling signals, but also to the parasitic random perturbations 
which in a general case are formed by the fluctuations of reflected signals, 
instrument noise and artificially created interference. The controlling j?§2 
signals themselves usually are of a random character. 
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In the preceding chapters, it was demonstrated that the effect of differ¬ 
ent kinds of radio interference leads to a 'change of the conversion (dynamic) 
properties of the radio links of the control system and to the appearance of 
errors in the transmission of commands and determination of the coordinates of 
the target and rocket. In the long run, all this leads to the appearance of 
additional errors of rocket guidance. 

The rocket miss caused by interference is dependent both on the structure 
and intensity (power) of the interfering signals and on the properties of the 
radio apparatus used. Different complexes of apparatus used in rocket guidance 
will react differently to fluctuations of instrument noise and to radio inter¬ 
ference created especially for disruption of the guidance process. 

The capability of a radio control system to withstand reconnaissance of 
the radio signal parameters in the electronic apparatus used and to ensure 
rocket guidance when there is radio interference present is called noise im¬ 
munity. Quantitative noise immunity is evaluated by the probability p that, 

ni 

under the influence of radio interference, the center of mass of the rocket 
will be deflected along the oy r and oz r axes in the dispersal plane oy r z r at 

the distance h and h , not exceeding some values h , and h ,. Knowledge of 
my mz' D myl mzl 

P n ^ representing the distribution function (integral law of distribution of 

probabilities) of rocket guidance errors makes it possible to determine the 
probability of a rocket striking in the specified region in the reference plane 
and also the two-dimensional differential rocket dispersion law, and as a re¬ 
sult it becomes possible to determine the conditional probability p of 

st c 

striking the target necessary for computation of the unconditional probability 

p of striking the target. 
sx> 

If the radio control system includes n radio receivers and the probability 
that interference will be created at the input of the i-th radio receiver 
(i = 1, 2, ..., n) is p , the value p ni can be found in the following way. 

With interference at the input of only the i-th radio receiver, with some con¬ 
ditional probability P c ^> characterizing the conditional distribution function, 

the rocket will be deflected from the target along the oy^ and oz r axes by the 

distance h ^ h .. and h £ h - . 

my myl mz mzl 

In a general case, interference appears at the inputs of several radio 

receivers simultaneously. Then, as a result of the nonlinearity of conversions 

of the transmitted communications (control command and measured coordinates) 

by the electronic apparatus when interference is present, the probability that 

h ^ h .. and h ^ h n , with the influence of interference on the i-th radio 
my myl mz mzl' 

receiver taken into account, will be dependent on the probabilities of the 
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deflections ^ ^ m y]_ an ^ ^m Z 5 \izl cause( ^ by interference which is /566 

present at the inputs of radio receivers with numbers less than i. Therefore, 
the value p c ^ should be computed under the condition that radio interference is 

received by the receivers with the designation 1, 2, . .., i - 1, together with 
signals. 

In order to take into account the mentioned circumstance we introduce the 

notation p (-r—-j— 1 ——-s-^ defining the probability of appearance of the deflec- 

tions h^ ^ b myl and h mz £ h mz ^ arising due to the effect of interference on the 

i-th radio receiver, under the condition that all the receivers from the first 
to the (i - l)-th were also subjected to the effect of radio interference. 

Then, taking into account the formula for the total probability and the intro¬ 
duced notations, we find that 


P ni = FI (1 — Pot) + 2/W> ci TI (1 - Poi) + 

i-i i -i 

n n n 
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(11.3.1) 


Expression (11.3.l) makes it possible to compute p^ when there is both 

natural and artificial interference. In addition, it is possible to compute 
p n i by taking into account the joint effect of these kinds of interference. 


In the latter case, "n" should be understood as double the number of actually 
used radio receivers, and when determining p n ^ by means of formula ( 11 . 3 . 1 ) 

it is necessary to find J2 the values p^ on the assumption that there is noise 

of natural origin. 


The value n can vary in rather considerable limits, depending on the type 
of radio control system. For example, there is one radio receiver in active 
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and passive homing systems; beam-riding control systems, ensuring rocket guid¬ 
ance by the coincidence method have two: and command radio control systems and 
semi-active homing systems usually contain not less than three or four radio 
receivers. 

If one radio receiver is used, with both artificial interference and /^67 
instrument noise taken into account 


p ni = (1 -PoJP^+Po^P^). (11.3.2) 

When the system contains two radio receivers, 

Pni = (1 -Poi)(l -Poj)^ 2 p(^f)+/»o.(l -Poz)P&P {-%) X 

y 'P + P°^ X ~ Po ' )P c2P{%){a^a) + 

-I P.M^P (4:M-) P ( A. X a; ) • ( 11 • 3 • 3) 

In writing expressions (11.3*2) and (11.3-3)* the sources of artificial 
interference and instrument noise were assigned odd and even numbers, respec¬ 
tively. 

It follows from expression (11.3*2) that in the absence of artificial in¬ 
terference, when p^ = 0, the value p n ^ is determined only by the influence of 

instrument noise. When p^ = 1, the rocket miss is dependent both on instru¬ 
ment noise and on artificial interference. If the artificial interference is 
insufficiently effective, p c ^ « 1 and p n ^ p('X’)* ^ en Pq^ = 1 and value 
Pci « 0, the control system does not ensure the necessary quality of rocket 
guidance. 

In a control system with two radio receivers, the absence of artificial 
interference causes a miss resulting solely from instrument noise. The fact 
that p^ or p Q ^ is not equal to zero, and also that p^^ and p^ are not equal 

to zero, exerts an appreciable influence on the value p .. 

ni 

In a general case, the p n ^ distribution function is dependent very com¬ 
plexly on the probabilities p Q ^ (i = 1 , 2, ..., n) and a considerable number of 
conditional distribution functions. At the same time, it should be noted that 
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in all cases when interference exerts no influence on the conversion properties 
of the radio links and the radio control system remains virtually linear, all 


the conditional distribution functions 



etc., become independent 


of whether or not interference affects the preceding radio receivers. This can 
be attributed to the nondependence of the sources of instrument noise and to 
the different range of operation of each of the radio receivers. 


The probabilities Pq.j entering into expression (ll.3*l)> characterize the 

secretiveness of operation of the radio control system in the i-th receiving 
channel, that is, the property of making difficult the detection of radio radia¬ 
tions, reconnaissance of the parameters of the radiated signals and creation of 
radio interference. It is possible to distinguish secretiveness of the radio 
control system for the CCRL channels, the coordinate measuring instruments RCI 
and TCI, the data transmission system and the total secretiveness of the /f-6c 

radio control system. The latter can be determined by the probability that 
interference will not be created at the inputs of any of n radio receivers. 

The conditional distribution functions entering into expression (11. 3 .l) 
characterize the noise immunity of the radio control system, that is, its 
capacity to withstand natural and artificial interference when their effect on 
the radio signal receiving channels 1, 2, ..., n is taken into account. It 
therefore follows that in determining noise immunity, it is necessary to as¬ 
sume the presence of interference at the inputs of the corresponding number of 
radio receivers. 


The noise immunity of a radio control system for the i-th channel (i = 1, 
2, ..., n) alone for radio signal reception is characterized by the value 


p^ = p . Taking into account the effect of interference in the i-th and 
nc ci 


j-th channels (i = 1, 2, ..., n; j = 2, 3, •••, n; j > i), it is feasible to 
speak of noise immunity for two reception channels with stipulated numbers. 

The conditional distribution function determining the noise immunity of 


the radio control system for two reception channels is determined, as can be 
seen from expression (11.3.1), by the following formula 


pH* y^ — p p 

nc r cr 



Similarly, it is possible to find the quantitative characteristics of 
noise immunity of a radio control system taking into account the effect of in¬ 
terference on three, four, or more channels. If it is assumed that there is 
interference acting on all n radio receivers, the conditional distribution 
function 
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'nc=C l . 

xp ( A. a* A ".,a._, )■ 



determined on the basis of expression (11.3.1), represents a quantitative meas¬ 
ure of the total noise immunity of the radio control system, frequently simply 
called the noise immunity of the radio control system. 

It follows from the above that, in a general case, the quantitative meas¬ 
ure of the noise immunity of a radio control system for s signal reception 
channels (s = 1, 2, ..., n) should be the two-dimensional conditional integral 
law of probability distribution for deflections of the center of mass of the 
rocket along the axes oy r and oz r of the coordinate system oy r z r in the dis¬ 
persal plane. In some special cases, the measure of noise immunity of the 
radio control system for the corresponding number of signal reception channels 
can be the probability of striking of the rocket in the stipulated region and 
in this same dispersal plane. 

The conditional distribution functions entering into expression /569 

(11.3.1) are dependent on the structure and intensity of the effective sig¬ 
nals and interference. Therefore, the noise immunity of the radio control sys- 

U ni 

tern should be characterized by the dependence of p nc on the ratio ^— (i = 1, 2, 

si 

..., n) of the effective values of the strength of the interference and signals, 
and also on the modulation parameters M n ^ (i = 1, 2, ..., n) of interference at 

the input of the i-th radio receiver. Therefore, we find that in an evaluation 
of the total noise immunity of a radio control system, it is necessary to de¬ 
termine the relationships 


n = n 
c = s 



Ujm 

U C2 


Urn 


» ^ nl> M n2 , 



(11.3.4) 


for different classes of interference. 

It should be noted here that in addition to the parameters mentioned in ex¬ 
pression (11.3.4), in the case of some types of interference, the values p^ c are 

determined more conveniently as a function of the number of pulses in the timing 
code, the mean number of interference pulses reaching the input of the corre¬ 
sponding radio receiver in 1 sec, etc. 

However, similar functions also can be used for evaluation of the influ¬ 
ence of interference for s (s = 1, 2, ..., n) signal reception channels. 
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It can be seen from expression (11.3.l) that for computation of p^^, 

. .... -n 


nc 


•nc J 


it is necessary to know 


ci ; 



There are considerable difficulties involved in separate determination of the 
mentioned probabilities. 

(i,j) 


The values p^, 
*nc 9 


nc 


p^^ can be computed more easily by first de¬ 


termining the fluctuation errors of rocket guidance, taking into account the 
effect of interference on the corresponding radio signal reception channels. 
This can be attributed to the fact that the effective natural or artificial 
radio interference with one or a large number of randomly changing parameters 
usually are wide-band for the guidance circuit. Under this condition, the 
fluctuation errors of rocket guidance h^ and h mz , in the dispersion plane, 

with a high degree of accuracy can be considered to have a normal distribution 

law. Then, as is known, the functions P^*^, •••> P nc can t> e computed 

relatively easily if the following have been determined: 


(l) the mathematical expectations h and h of the random deflections 

my mz 

h and h , characterizing the coordinates of the mean point at which the cen- 
my mz 

ter of mass of the rocket will strike; 


2 2 

(2) the correlation coefficient r and the dispersions and a of the 
, , , , , yz y my mz 

random values h r and h . 47 

my mz 


In order to know the dependence of p^^, p^*^, 


p on the structure 
*nc 


and intensity of the effective signals and interference, it is obviously neces¬ 
sary, in an investigation of the noise immunity of a radio control system, to 
determine the following functions /57Q 


hn = h i 


•m 


°n = a m 
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The statistical characteristics of the rocket miss under which we hence- 

— — 2 2 

forth will understand the combination of values h^, h mz , a m y, a mz an & r y Z can 

be determined experimentally or theoretically. The experimental investigation 
of the noise immunity of the radio control system should be made using all 
apparatus and real sources of radio interference. Such an investigation can 
be made only after the radio control system has been created. Theoretical 
analysis of noise immunity is based on an analytical or computer solution of 
the equations describing the radio control system with the effect of radio 
interference taken into account. Since the parameters of electronic apparatus 
in a general case change under the influence of interference, in the theoret¬ 
ical solution of the problem of the noise immunity of a radio control system, 
it is most important to find equations which describe the processes transpiring 
in the mentioned apparatus. Then, it is necessary to determine the most 
desirable method for solution of the derived system of equations and compute 
the mathematical expectations, dispersions and correlation coefficient of the 
fluctuation errors of rocket guidance. 

We note in conclusion that investigation of the noise immunity of radio 
control systems is of great importance, if for no other reason than that a 

knowledge of the formulas determining h^y, h^, cr^y, a^ z and r^ makes it pos¬ 
sible to compute the necessary strengths of the radio transmitters used and to 
select the structure of the methods for analyzing the received oscillations in 
such a way that the noise immunity of the radio control system satisfies the 
stipulated requirement. 

In an analysis of artificial interference, the instrument noise of radio 
receivers and fluctuations of the input signals usually can be neglected be¬ 
cause, in an intelligently planned system, their role will be extremely small. 
For this reason, it is desirable to consider separately the method for deter¬ 
mination of fluctuation errors of guidance for low and high levels of inter¬ 
ference as was done in the preceding chapters. 


11.4. Fluctuation Errors of Rocket Guidance in Command Control 

In systems of command radio control, the fluctuation errors of rocket /^71 
guidance are caused by the instrument noise of the radio receivers included 
in the CCRL, data transmission systems and instruments for determination of 
target and rocket coordinates and also fluctuations of the parameters of the 
received radio signals. In addition, artificial radio interference can exert a 
considerable influence. 

In most cases, it can be assumed with a high degree of accuracy that the 
effect of the instrument noise of the radio receivers and fluctuations of the 
received signals leads only to the appearance of errors in measurement of 
coordinates and transmission of commands and does not change the conversion 
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properties of the measuring instruments, data transmission systems and CCRL. 

In this connection, in application to the vertical control plane, for example, 
the fluctuation rocket guidance errors will be caused by random distortions u 

nc 

of the voltage characterizing the output signal of the coordinator and by the 
distortions AK(t) of the received control commands. 

The voltage u nc , related to the function h ^ ft), whose method of deter¬ 
mination was considered in chapter 5 > is formed due to errors of the data trans¬ 
mission systems and of the target and rocket coordinate measuring instruments. 
In an intelligently designed system, the effective values u nc (t) and AK(t) are 

small, and therefore analysis of the fluctuation errors of rocket guidance can 
be made on the basis of linearized equations describing the operation of the 
control system. For example, when taking into account the influence of the 
instrument noise of the radio receivers and the random changes of the param¬ 
eters of the received signals for a radio control system of the first kind 
ensuring rocket guidance by the coincidence method in a vertical plane, we 
obtain the following system of equations 


6 = 4 

1 V 

a + 2du> 0 a. -f- (ofc = a t + 8 0 ). 

8 r =/ ? (D)[AT+AA:+ uuz>M, 

A :=L(D)^, 

u h = A m = I N't (^) e t~ (D) 5 .1 ^pot^pr' 


h, 

e r =s t“ V 


hi 


d ('rH) 

dt 


vQ -j- v c Q c 


**(^ 4—_ v 0 
dt ~ vt ^ cc> 


(li.4.1) 


We note that equations (11.4.1) were written on the basis of equa- /^T2 
tions (10.5.3) and differ from them in the sixth equation, for which 
(10.4.6) was used, and the presence of the additional perturbations u nc (t) and 

AK(t). In a case when a command control system of the first kind is used for 
rocket guidance by the parallel approach method, allowance for the effect of 
the distortions u nc (t) and AK(t) makes it necessary that in system (11.4.1) the 

equations determining h^., e r and u^ be replaced by the expressions (10. 5 .8), 

(IO. 5 . 5 ) and (10.5.4). 
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Figure 11.1 

The systems of equations which are characterizing the processes of rocket 
guidance in a vertical plane either by the coincidence method or by the paral¬ 
lel approach method, when there are distortions u nc (t) and AK(t), correspond 

to the block diagrams shown in figure 11.1a, b. Figure 11.1a, b shows that 


635 


Digitized by LjOOQle 










































allowance for the random perturbations u nc (^) and AK(t) means that the signals 

u h + u nc ant * ^ will act on the output of the coordinator and CCRL instead 

of the mismatch parameter ^ = u^ and the command K, respectively. 

The equations and block diagrams for command control systems of the second 
kind, with u nc and AK taken into account, are derived as for systems of the 

first kind, and therefore here and in the text which follows they are not con¬ 
sidered. 

As already mentioned, command control systems are nonstationary. However, 
as a result of the quite slow change of the coefficients, it is possible to 
use the method of "freezing" of coefficients. Then, on the assumption of a 
stationary or almost stationary character of the change of u nc ("t) and AK(t), 

which in some cases actually occurs, for an approximate determination of the 
probabilistic characteristics of the parameters a, 6 r , h^, etc., we can use the 

methods employed in an analysis of the problems of passage of stationary random 
signals through linear dynamic systems with constant coefficients. In this 
case, of course, the control system equations should be solved for small parts 
of the rocket trajectory. The interval of time when r r is of the greatest 

* u 

importance for determination of the fluctuation errors of rocket guidance. 

When there is interference u nc (t) and AK(t), the error in rocket guidance 

in the vertical plane for the time of the end of the guidance process, when 
r = r r , can be represented in the form of a sum 


h = h. 


— h,. + h , 

r r = r t dm my’ 


(11.4.2) 


where iu is the component of the miss associated with dynamic and instrument 
oin 

errors, h^ is the component of the miss associated with the effect of radio 

interference causing the distortions u nc (t) and AK(t). 

It should be noted here that the separation of h into tu ahd h is ad¬ 
din my 

missible only for a case when the radio control system is linear. In addition, 
it must be remembered that expression (11.4.2) is suitable for any guidance 
method. 

Analyzing the system of equations (11.4.1), it can be concluded that frT, 
is the current miss h^. for r^. = r r and under the condition that the 
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input actions 0^, 0^, A6^ and the signals reflecting the instrument errors 

of the individual links are equal to zero and u (t) £ 0 an ^ AK(t) ^ 0. It 

— 2 

therefore follows that the mathematical expectation h and the dispersion a 

my my 

of the random function h in rocket guidance by the coincidence method are de¬ 
termined by solution of the system of equations (11.4.1) relative to h when 

t 

r = r = r,, 0 = 0, = = A a = 0. u (t) ^ 0 and AK(t) / 0. 

pr r t' c t 0 0 >nc v/r v ' ~ 

If the rocket is guided by the parallel approach method, the error h^ 

will be equal to the current miss h^., computed in solution of the equations 

corresponding to the block diagram shown in figure 11.1b and relative to the 
same values r^ r , r y , 0 c , 0^, 6^, A^, u nc (t) and AK(t) as in the preceding case. 

Since the interference acting on the coordinate measuring instruments, 
CCRL and data transmission systems is created by different sources, the random 
functions u nc (t) and AK(t) are independent. This makes it possible to deter¬ 
mine separately the influence of u (t) and AK(t) on the value of the fluctua- 

— p 

error. Then the values h^ and can be found using the following formulas 


^my " ^ml + \i2> (11*4.3) 

a my = a ml + a m2> (11.4.4) 


— p 

where and are the mathematical expectation and dispersion of the random 

function h^Ct), appearing due to the effect of interference on the coordinator, 

which leads to distortion of u nc (t) under the condition that AK(t) = 0; h^ and 

o*~ are the mathematical expectation and dispersion of the random function 
m2 

h m (t), arising due to the effect of interference on the CCRL or on the assump¬ 
tion that u (t) = 0. 

First, we will determine the values h^, a ml , h^ and a ^ for a system 

ensuring rocket guidance by the coincidence method. Figure 11.1a shows that 
when 6 q = 0 c = 0 t = A q = 0 and r pr = r r = r t 
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(11.4.5) 


Wn D) 

h ,(t) = -—— U (t), 

ml 1 + W (D) nc v 


Wo(D) 

h 0 (t) = --—— AK(t), 

m2' 1 + W C (D) 


Here W^(D) is the transfer function of the direct circuit of a control 


(11.4.6) 


/ 576 


system in which the signals u nc (' t ) and h^(t) I _ r act at the input and output 

r - t 

when r r = r t , Aq = 6q = 9 C = 0^ = 0 and AK(t) = 0; W 2 (D) is the transfer func¬ 
tion of the direct circuit of a control system in which the input and output 
signals are AK(t) and h^(t) 


r =r when r r = r t> A 0 = 6 0 = 9 t = 9 c = 0 and 
r t 


u (t) = 0. 
nc' ' 


The transfer functions W (D), W (D) and W (D) can be determined quite 

12 G 

easily using the block diagram of the considered control system (fig. 11.1a) . 
On the basis of expressions (11.4.5) and (11.4.6) we will have 


Wi(D) _ 

h . = - u = F, (D)u , 

1111 1 + W C (D) nc 1 nc 

W 2 (D) 

h = - AK = F_(D)AK, 

m2 1 + W (D) 3' 


(11.4.7) 


(11.4.8) 


n t r r =r^. 

where F 1 (D) = —-- is the transfer function of a closed control system at 


nc 


whose input and output act the signals u nc (t) and h t (t) 


A q = 6 q = 0 t = 0 C = 0 and AK(t) = 0; and F 2 (D) = 


r =r. 
r t 


when r pr = r r = r t . 


t|r r = r t 


is the transfer func- 


*0 = u 0 - - -c - - “-- AK 

tion of a closed control system whose input is AK(t) and whose output is 


h t (t) 


when r pr = r r = r t , Aq = 6 0 = e c = 0 t = 0 and u nc (t) = 0. 
Hence, for a steady-state regime we find 


! r r = r t 
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V - V°Kc> 

V - 


(11. It. 9) 


(11.4.10) 


Depending on the form of the transfer functions of the links forming the 
control system, the latter with respect to the constant component of the sig¬ 
nals u nc (t) and AK(t) can be either static or astatic. 

For example., if it is required that the mathematical expectation of the 

miss h =0 when AK ^ 0, it is necessary to have at least one integrating link 
my 

between the points of arrival of the signals h and AK in figure 11.1a. 

Xr 

P P 

In order to find the dispersions a and a , it is necessary to know the 

ml m2 

spectral densities ^^((u) and G^^(id) of the random signals u nc (t) and AK(t), 
and also the frequency characteristics and F^Cjcu) obtained by the re¬ 

placement of D by jou in the functions F-^(D) and F^D) . 

If G Ak (w),. F^Cjou) and F^(jtu) are given, it is known that /577 

oc 

ml = ~h I G n c (w) I F i U*) I* (11.4.11) 

o 

uo 

m2 = i j°W <u) I F * C/“) I 2 (11.4.12) 

0 

Usually, the output elements of the coordinator and CCRL are such that 
within the limits of the passband of the guidance circuit & nc (w) and G^k( uo ) are 

approximately equal to the values of these functions when u>= 0. Under these 
conditions 


oo 

Jl F '=*^0(0)4f pl , 
0 

oo 

m2~ i G *K (0) .f I F * (J w) ~ k l G » K<°) ^ F e v 2> 

o 


(11.4.13) 

(11.4.14) 


where 4/;^= ^j I Fi (y'u>) and A^p2=-^-^- (| F 2 (yu>)| 2 */<o are the effective 

« u 
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passbands of systems with the frequency characteristics F^(juu) and Fg(jiu); 
k^ = F^(0) and kg = Fg(0) are the transfer constants of systems with the fre¬ 
quency characteristics F^(ju>) and Fg(jo>) at the frequency u)= 0. 

For those cases when the control system is astatic relative to the signals 
u nc (t) and AK(t), k^ and kg in expressions (11.4.13) and (11.4.14) denote the 

transfer constants when uj = and w = (Og, where and (Ug are the frequencies 

at which the functions F^(jcu) and F^jcu) attain maximum value. At the same 

time, it should be noted that frequently it is more convenient to omit computa¬ 
tion of AF , and AF „ and instead compute directly the integrals entering 
epl ep2 

into relations (11.4.13) and (11.4.14). 

? 

If more precise computations of the dispersion are required, formula 

(11,4.13) will be inapplicable. This is because the coordinator includes a 
device which multiplies the input signals by ^p 0t g r p r = ^pctc^r’ an< ^ therefore 

the function u nc (t) is not stationary. However, it can be represented in the 

following form 


«ncW = x ran( t )‘ r r( t )> 


where x (t) is a stationary random function of time, 
ran 

Then, as can be demonstrated (ref. 32), when representing r (t) 

n 2 

the sum of exponential functions 2 > the dispersion a will be 

it i * 


as /5T§ 

equal to 





=4rj o.W 


h 



/-1 


F i U w + ft) 


2 

rf(D, 


(11.4.15) 


where G x (cu) is the spectral density of the random function x ran (i)* Here, as 

2 

might be expected, the dispersion q is dependent on time. Expression 


(11.4.15) is extremely unwieldy and inconvenient for practical computations. At 
the same time, formula (11.4.13) does not lead to significant errors, especial¬ 
ly in an investigation of small segments of the rocket trajectory, and makes it 
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p 

possible to determine o m1 with a lesser expenditure of time in computation 
work. 

_ — p p 

The components h^, h^, 0^ and a m 2 of the miss h^ in rocket guidance by 

the parallel approach method are determined on the basis of the block diagram 
shown in figure 10.1b in exactly the same way as for the system by which a 
rocket is guided by the coincidence method. All the formulas derived above are 
also correct in this case if the transfer functions W (D) and W (D) entering 
into them are appropriately determined. 1 ^ 

— — 2 2 — 

After h ., h 0 , and 0 are determined, it is possible to find h and 
ml m2 ml m2 m 

o _ _ 

as a function of u nc , AK, G nc (a)) and as & result i nve stiga- 

tion of the problem of the influence of interference on the coordinator and the 
CCRL we find the dependence of u , AK, G nc (o)) and g ^ k (cd) on the parameters of 

the electronic apparatus, received signals and effective interference, there is 

— 2 

no difficulty in obtaining expressions for h^ and cr^, in the long run deter¬ 
mining the quantitative measure of noise immunity of the radio control system. 

— 2 

In addition, on the basis of the stipulated values h^ and o m y, it is possible 

to formulate requirements on the parameters of the electronic apparatus for en¬ 
suring u nc , AK, G nc (cu) and G^((Ju) not exceeding admissible values. 

As an illustration of the use of the described method for computation of 
the fluctuation error of rocket guidance in the vertical plane, we will analyze 
a radio control system which includes a nonelectronic (such as optical) coor¬ 
dinator and a CCRL. The block diagram of such a system is shown in figure /^79 
11.2, and its equations have the following form 


p = r 

4 _ (a — ,4 0 ) t 

Kpy = CCRL 

1 V 

• • • A 

y = a 

a -f" 2d<* 0 a -J- ® 0 <z = a ^ (ftp + ®o)t 

y$ = CFA 

Rp = k t (K + *K). 

H = m 

K = k*pyKyt 

Kp = c 

U, = t 

ny = my 

3 p = ep 

K = c 

MaKC = max 
(subscripts) 

Ky = ^y<|) + T y<f)^) 

A, = A KP , 

r P 

ht ~ at 

d (r a z a ) 

dt - v a 9 a - 

(Note: This key may be 

tions in section 11.4.) 

used for this equation and s 


(11.4.16) 
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forming control Automatic 

Kinematic link .5 apparatus radio link pilot Rocket 



Figure 11.2 


As follows from figure 11.2 and equations (11.4.16), which are derived on 

the basis of (11.4.1), in the considered example the command radio link, 

automatic pilot and coordinator are considered inertialess links with the 

transfer constants k , k. and k„ and the apparatus for forming the commands 

CCRL be ^ 

is a differentiating link with the transfer constant k . and the time con- 

CFA 

stant Then, it is assumed that rocket guidance is accomplished from a 

fixed control point and that the coordinator produces a signal A m , propor- 

h + 

tional to the angle e - e = _. Since only the signal AK(t) changes randomly, 

T. X y* 

then r r 



(11.4.17) 



(11.4.16) 


Solving the system of equations 

= 6 = 6 . = 0 
0 t 


(11.4.16) when r^ 


r^, we find that when 


F,(D) = 


A ny «) _ 


ht\ r 


U<(t) 


__ 

r*T v D* (£)2 + 2 dm 0 D + »J)+ - ’ 

(1 "I" TyfyD) 


It therefore can be seen that the considered system is static relative to AK(t) 
and the coefficient kg is equal to 
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(11.4.19) 


k p = - 

2 k k 


c CFA CCRL 


In accordance with the above-cited formula for AF , 
the system is equal to 2 


the effective passband of 


AF, 


»pj 


oo 

_ j_iLf 

dJ 


I F 2 (/•)!* dm 


where F2(jcu) is derived from the expression F^Ce) after replacement of D by ju) 


and k. 


k k k 
c CFA CCRL' 


Using formulas (11.4.10) and (11.4.17), we arrive at the following /^8l 
expression for the mathematical expectation of the miss h^ r in a steady- 
state regime 


my 



AK 

k c k CFA k CCRL 


(11.4.20) 


Analysis of the derived expression shows that for a decrease of h m y, it is 
necessary to increase the transfer constants k , k-,^. and k-^,. and design a 

C Lr A LUKLi 

CCRL in such a way that interference causes the smallest possible values AK. 

In addition, it is desirable to eliminate the dependence of k p on r . 

^ t 

Then on the basis of expressions (11.4.14) and (11.4.18) we find 

°my - 72 C r ? O 0<°) 4F ep2' ill.KZL) 

k A 

where G c (0) is the spectral density of the fluctuations of the command coeffi¬ 
cient at the frequency u) = 0. 

It can be seen from expression (11.4.21) that for finding a 2 for stipu- 

my * 

la ted values k^, and G c (0), it is sufficient to compute AF 0p2 . 

We have 


643 


Digitized by LjOOQle 



v 2 a\k\k\d<* 


(11.4.22) 



I r u T v 0 “) 2 [(/“) 2 + 2jd<a 0 <a + « o ] H -*• 

“*■ “I" ^Kp^^y^^Kpy^yitt® "1“ 4p^j®^y^^npy 


It is known that values of integrals of the type 


where 


_1_ f Gn (<■>) 

~ 2*/ J H n (®) H n (—>*>) 

— OO 


(11.4.23) 


= a 0 “ n + a ,®"- 1 + ... + 

Gn (®) = Ao“* 2n 2 + b i 0 * 2 " 4 + • • • + ^n—t. 


under the condition that all the roots of the polynomial H^tu) are in the upper 

half-plane, are cited in a number of textbooks in tabular form. For example, 
such tables can be found in reference 31 - 

In expression (11.4.22), determining the numerator and denominator 

of the integrand are represented easily in the form of polynomials G n (uu) and 
H n ((u). In this case, it can be shown that if the control system is stable, the 
roots of the polynomial H n (iu) lie in the upper half-plane. Then it is neces¬ 
sary to note that in expression (11.4.23) the degree of the polynomial is 
smaller than the degree of the polynomial of the denominator - , and that all the 
terms of the function G n (uu) contain frequencies cu only in an even degree. If 


under real conditions the latter property of the polynomial in the numerator is 
not satisfied, it is necessary to discard all the terms with odd degrees uu 
because they will give a zero value of the integral as a result of the evenness 

of the function |(o>)| ^ and the selected integration limits. 

Taking all the above considerations into account, we reduce relation 
(11.4.22) to the following form 


~ 2 ■ 


w| 


_ ygafet* _ 

| r aTv (“ 4 — j 2 du> 0 v >3 — ®q® 2 ) + -* 

'+ jbxpk^va^kyi^k^yTy^a f- ^Kp^jV^j^y^Kpy I 


(11.4.24) 
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It therefore follows that the polynomial H n (uj) has the degree n = /582 

When n = 4, the value of the integral I is (ref. 31) 


b 0 (— a x a^ 4* a t a a ) — <h a ib\ 4* 4* “~z — ^i^t) 

f = - 4 


2 a 0 (a a a\ + a\a t — a.a^) 


(11.4.25) 


Comparison ofexpressions (11.4.23) and (11.4.24) shows that for the considered 
example a Q = r^, ^ = -jM« 0 Vt' » 2 - - r t T vV a 3 = J k cV a 6 k CFA k CCRL T CFA’ 

*U - k c VVcFaW’ b O = °> b l * °’ b 2 = °> b 3 ' 

Substituting the values of the coefficients a^, a^, a^, a^, a^, b^, b^, b^ 
and b^ into expression (11.4.25) and taking into account that AF ^ I, we 


obtain 


hF 'jpj — 


2 r n 7 ' t; rfa)Q 


4 {2r a T^T^ - a t vk t kj^ - 4r u Tj*.*)' 


We finally obtain 


'X.kcGk (0 ) 


2/' n 7~ p </tt»Q — a^k^kj'y^ 


ay 


^Kp^ycp^Kpy 2 r a7'vd (J) Q r y( p fl a V *S*A^y4> — ^ r ^t4 2fA \ 


(11.4.26) 


It can be seen from the derived expression, which makes it possible to 
compute the dispersion of the rocket miss for stipulated values of the param¬ 
eters of a radio control system and the spectral density for fluctuations of 

2 - 

the control command, that the value cr^y, like h , is essentially dependent on 

distance r^. In order to exclude such a dependence, it is necessary to intro¬ 
duce into the control circuit a link with a variable transfer constant r 

r 

which at the end of the guidance process becomes equal to r^. It can be shown 
that in such a method for construction of the control system when r r = r^ 

i„ - —®— 
my k k k 

c*CFA CCKL 
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and 


2 ^m»kc W 27’ p da)Q a t vk t k Kf ky^k K9 yTy^ 

ny ^*itp *y<J>*icpy 2 7' 0 rfa>g 7' y( j > ^^^iip^y^Kpy rf<p — 47 - w rf , “o 


_ 2 

In this case h and 0 are not functions of r, but are determined only 
my my t J 

by the fluctuations AK(t) and the parameters of the control system; here in 
the last expression the coefficient k^ has a different dimensionality than it 
had in expression (ll.k.26). 

If the rocket is guided on the basis of the angular deflection of the cen¬ 
ter of mass of the rocket from the vector r + , when k. = k k__.k___ = 100 

t> Ac CFA CCRL 

p 

v/rad, K max = 30 v, r^_ = 10 km, T y = 3 sec, 2du)Q = 0.7 l/sec, a^ = 50 l/sec , 
v = 200 m/sec, T^^ = 0*^ sec, = 50 l/sec , AK cm = 0.01, G c (0) = 9’10 J sec 
and kg = 0.5 rad/v, In accordance with formulas (11.4.20) and (11.4.26) we find 
that h « 30 m and the mean square value of the miss is r =v^ « 25 m. 

The cited example shows that under certain conditions of guidance /583 
and certain values of the parameters of the control system, even extremely 
insignificant distortions of the command coefficient AK C can cause quite large 
fluctuation errors of guidance. 

The method considered here and the formulas cited for computation of fluc¬ 
tuation errors of guidance usually are suitable only when taking into account 
the effect of weak interference (for example, instrument noise) and fluctua¬ 
tions of the parameters of the received signals. 

Artificial interference can be created for all electronic channels of a 
command radio control system. However, it is simplest to ensure the effect of 
such interference on the apparatus for measurement of target coordinates. The 
most complex problem is the creation of artificial interference for the radio 
receiving apparatus whose antennas are placed in the rear part of the rocket. 
Nevertheless, it is possible to create radio interference for the channels of 
this apparatus as well, because in the case of rocket guidance for a great 
distance, it will be over enemy territory for a considerable time. In such 
cases, noise transmitters can be set up near defended objects and such appara¬ 
tus can be effective in disrupting operation of the radio receiving apparatus 
carried on the rocket. 

The conclusion therefore can be drawn that it is necessary to develop 
radio control systems which will ensure a quite high quality of rocket guid¬ 
ance, even when there are extremely effective radio countermeasures for all the 
electronic channels present in the system. 

Determination of guidance errors caused by artificial interference also 
involves solution of radio control system equations. However, such 


646 


Digitized by LjOOQle 


interference leads not only to the appearance of distortions u rc and AK, 

representing additive noise, but also to a change of the conversion properties 
of the coordinate measuring instruments, CCRL and data transmission systems, 
and also to a breakoff of automatic tracking. As already mentioned, in a 
general case under the influence of strong interference, the coordinate meas¬ 
uring instruments and the CCRL become nonlinear dynamic links with random 
parameters. This makes it necessary to use electronic computers for solution 
of the equations of the radio control system for determination of the rocket 
miss. Since highly effective interference leads to a considerable increase of 
h^y, in the processes of modeling the guidance circuit it is possible to 

neglect the instrument noise of the radio receivers and the fluctuations of 
the received signals. In addition, the inertias of the coordinate measuring 
instruments, data transmission systems and CCRL can be neglected. Then, when 
using the equations of electronic apparatus, it becomes possible to apply 
mathematical modeling of the rocket guidance process by relatively simple 
methods. 

However, it must be remembered that, in mathematical modeling, the /384 
use of the radio apparatus equations found in the preceding chapters makes 
it possible to obtain only approximate estimates of the rocket miss. However, 
even an approximate knowledge of the miss makes it possible to find means 

increasing the noise immunity of the radio control system. More precise re¬ 
sults are obtained in the case of physical modeling when real radio equipment 
and interference sources are used. 

In some cases, additional requirements which the electronic apparatus must 
satisfy are noted in the process of taking into account the effect of strong 
interference on them, and the guidance errors can be computed analytically. 
Under this condition, the modeling should be done only for refinement of the 
selected and computed parameters of the radio control system. 

It is simplest to establish the limiting possibilities of radio counter¬ 
measures, which usually essentially involve a cutoff of the processes of de¬ 
termination of the target and rocket coordinates and also a breaking of the 
guidance circuit, as was mentioned in the preceding chapters. 


11.5. Fluctuation Errors of Rocket Guidance in 
Radio Zone (Beam-Riding) Control 

In beam-riding control systems interference can act on two radio receivers 
the receiver of the radar set used for automatic tracking of the target and 
the receiver carried aboard the rocket. If the effect of artificial inter¬ 
ference is not taken into account, the parameters of the signals produced by 
the radar will change under the influence of the instrument noise of the radio 
receiver and the fluctuations of the oscillations arriving from the target. 

The noise and fluctuations cause random oscillations of the radio beam relative 
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to the line of sight, coinciding with the vector r^ and change the transfer 

constant of the radar tracking system. As a result, the center of mass of the 
rocket is deflected from the necessary flight direction. The linear error of 
rocket guidance increases with an increase of r r despite the same angular 
error in the position of the radar beam. Therefore, the effect of interference 
is the more dangerous the closer the rocket is to the target. 

Distortions of the mismatch parameter and change of the conversion pro¬ 
perties of the coordinator also are caused by the effect of the instrument 
noise of the rocket radio receiver and fluctuations of signals received by it. 
The latter occur as a result of passage of the radio waves through the jet 
of the rocket engine. In actuality, the role of the instrument noise of the 
rocket radio receiver is negligibly small due to the considerable strength of 
the received signals. 

It also should be noted that the random oscillations of the transfer con¬ 
stants of the radar tracking system and the radio equipment aboard the rocket 
under the influence of instrument noise and natural fluctuations are insignif¬ 
icant, as was demonstrated in chapters 3 and 4. Therefore, without intro- /^86 
ducing any significant errors, it can be assumed that the conversion pro¬ 
perties of the guidance circuit do not change because of this interference. 

Then the fluctuation errors of guidance of rockets which are controlled by the 
coincidence method can be computed on the basis of the block diagram shown in 
figure 11.3. This block diagram is shown in accordance with the diagram in 
figure 10.12 and differs from it only in that, at the output of the coordina¬ 
tor, in addition to the mismatch parameter A m = u Q , there will be the error 

u nc caused by the influence of all kinds of fluctuations of received signals 

and instrument noise of the radio receivers. 

Strictly speaking, a beam-riding control system is nonstationary because 
of the variability of the coefficients in the equations describing the motion 
of the rocket and the error u nc is dependent on the distance r^. However, 

when computing the miss when r r = r^, it is sufficient to limit ourselves to 

an analysis of rocket motion for a short interval of time when the circuit 
parameters should be considered constant and the value r r entering into the 
formula can be "frozen." 

— P 

Then the mathematical expectation h and the dispersion cr of the miss 

my my 

h of a rocket guided in a single (vertical) plane will be determined by ex- 

mjr 

pressions (11.4.3) and (11.4.4) when h m2 = 0 and 0^2 - 0- For computation of 

_ O 

h^ and a m ]_, it is possible to use relations (11.4.9) and (11.4.13), in which 
F-^(ju)) is understood as the frequency characteristic of a closed control system 
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Kinematic link Coordinator Automatic pilot Rocket 



with the input action u nc (t) and the output signal hj.(t) 


_ _ _ when 
r - r t 


e t " e c - 6 0 = *0 m 0 ( fi e* 11 •3)• 


Since in a number of cases the errors caused by the radio equipment of 
the rocket are negligibly small, there is no special need for converting the 
random oscillations of the radio beam to the coordinator ouput. Under this 
condition, instead of the random perturbation u nc , it is necessary to take into 

account the random effect e ^ (fig. 11.3) characterizing the angular error in 

tracking of the target by the radar set associated with fluctuations of the 
received signals and radio interference. Then the mathematical expectation 

— p 

h and the dispersion cr m y of the miss in a steady-state regime will be equal 
to 


h my " F (°) e lAf> (11.5.D 

a 2 ss kft! (O)Af , (11.5.2) 

my 1 A ep 


where G^(0) is the spectral density of the random function e ^f(t) w ^ en 7^87 

oo 

a; = 0; AF„ = IF (/’•)**• I is the effective passband of a closed control 

ep 2J 
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system in which the input and output signals are e (t) an< 3 _ r w hen 

I r t 

9^ = = 0, respectively; k^ and F(joj) are the transfer constant and 

the frequency characteristic of the mentioned system, respectively. 


It should be noted here that the considered system is static relative to 


the parasitic perturbation 

It can be seen from formulas (11.5.1) and (11.5*2) that the fluctuation 
errors of guidance are dependent on the transfer function of the guidance cir¬ 
cuit and on the radar set error, which is related to the parameters of its 
tracking system and effective interference. 


As an Illustration of the method for computing h and cr^ we will use 

* my my 

formulas ( 11 . 5 .l) and (11. 5 .2) to consider a system of beam-riding control 
taking into account only the amplitude fluctuations of the signals arriving 
from the target. We note here as a rule the mentioned source of errors is most 
important because the radar set ensures stable tracking of the target only when 
there is a considerable value of the signal-to-noise ratio, and the process 
of rocket guidance is ended at a rather great distance between the control 


— P 

point and the target. When computing h^ and <r| , we will use as a point of 

departure the structural diagram shown in figure 11.3, under the condition that 
= Aq = 0, W^(D) = 0 and W^D) = 0. In addition, we will assume 

that L(D)F(D) = k a (TgD + l). 

Since the deflection of the radio beam under the influence of the inter¬ 
fering effect is equiprobable in either direction, = 0 and therefore 



0 . 


According to the diagram in figure 11.3, when 6^ = 9 Q = 6 q = Aq = 0, 
Wj(D) = W (D) = 0, the function F(D) when r^ = r^ is equal to 


p = r 
h = t 
(f> = f 

ap = ep 
ny = my 


MO l'p-'a r a k p (T d D + l) 

e iM.W " TlD* + 2dT v D* + D* + k f T d D-\-k v ' (11.5-3) 


(Note: This key may be used for this and following equations in this section.) 
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kjvpk a 6 v 

where kj. --— is the transfer constant of an open acceleration system 


_ 2 
T r.ou- 
v t 0 


(when the guidance circuit is broken at the point a), and = JL. 


It follows from expression (11.5.3) that 



r 

t 


and therefore 



*p 0 +1) 

Tl CM* +*tT 9 <Jmf + {jmy + 


*9 


C 


Computing the derived integral in the same way as was done in the 
preceding section, we obtain 


12 88 


2dTlk p —T p T 0 k v + 2d 


A/? * p A(2Tad- T v Tlk f — 4 d*T p )' 


(11.5.4) 


Substituting the values k^ and AF g into expression (11.5.2) and taking 
into account that p 


G 4 (0) = 


2G m (2) 
fc 2 


we find 


r ifim (^) 2dT 0 k p — TpTfjkp -f 2 d 


ny 


2 ki 


2T d d—T p T*k p — 4d*T ? 


(11.5.5) 


The derived formula characterizes the dispersion of the miss as a func¬ 
tion of the distance r^ T the parameters of the guidance circuit, the steepness 


of the directional diagram of the radar set antenna and the spectral density of 
the fluctuations of the modulation coefficient m of the signal received by the 
radar at the scanning frequency fi. 


For example, if k r = 0.8 l/sec^, = 0.4 sec, T r = 0.14 sec, d = 0.05, 
(fi) = 3*6*10 ^ sec and 1^ = 30 ^/degree, the value a is 17 m. 

p 

Decreases of the value o m y can be achieved by an appropriate selection of 
fi 1^, k r , T^ and d. Formula (11.5*5) also makes it possible to formulate 
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G (0) 

m p 

requirements on the admissible value - for stipulated values a , r. and 

2 my' t 




the parameters of the guidance circuit. 


The mathematical expectation and the dispersion of the rocket miss can be 
computed on the basis of expressions (11.5*1) and (11.5*2) also when taking 
into account the effect of artificial interference on the radar set, if the 
interference does not change the conversion properties of the set. When arti¬ 
ficial interference causes the radar set to be converted from a regime of 
automatic tracking of the target on the basis of angular coordinates to a 
search regime, the rocket guidance process virtually ceases and it will fly as 
an uncontrolled object in accordance with the last value of the received 
command. 


The effect of artificial interference on the radio receiver of the rocket 
causes distortion of the reference signals and the envelope of the received 
pulses. If this interference is sufficiently effective, the guidance circuit 
is opened, and depending on the particular circuitry the control surfaces of 
the.rocket in general are set in a neutral position or in one of the extreme 
positions. 

The fluctuation errors, of a beam-riding control system ensuring rocket 
guidance with a forward point can be computed as in the coincidence method. 
However, in this case it is necessary to take into account the change of 
structure of the guidance circuit associated with the kinematic equations and 
the mismatch equation. 

It is necessary to proceed in this way when computing the fluctuation 
errors of guidance of rockets which are controlled by nonautonomous systems 
based on use of radio navigation apparatus. However, it should be remem- /^89 
bered that in a general case, in radio zone control systems based on radio 
navigation, coordinate measuring instruments interference can exert an influ¬ 
ence on all the radio receivers used, although the rocket radio equipment, when 
directional antennas are used, will have greater noise immunity than ground 
radio apparatus. 


11.6. Fluctuation Errors of Rocket Guidance during Homing 

First we will consider the fluctuation errors in the absence of artificial 
interference. For active and passive homing systems, the random errors of 
rocket guidance are caused by fluctuations of signals received from the target 
and the instrument noise of the radio receiver. As the rocket approaches the 
target, the role of instrument noise decreases and exerts virtually no influ¬ 
ence on the rocket miss. 

As already mentioned, in semi-active homing systems there are usually 
three radio receivers: the receiver of the radar set scanning the target and 
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also the "tail" and "nose" radio receivers of the rocket. In a general case, 
fluctuating signals to which instrument noise is added reaches the input of 
each of these radio receivers. However, the "tail" receiver of the rocket, de¬ 
signed for synchronization of the system, does not cause the appearance of er¬ 
rors of the mismatch parameter when there is low-level interference. The same 
can be said of the radar set if the stability of tracking of the target is not 
disrupted. At the same time, the random oscillations of the radar antenna 
system should be taken into account when computing the effective range of the 
homing system. 

Thus, in the absence of artificial interference the sources of random 
errors of guidance of a rocket controlled by a semi-active homing system are 
the instrument noise of the "nose" radio receiver of the rocket and fluctua¬ 
tions of the signals reflected by the target. In the case of a small distance 
r between the rocket and the target, the principal role is played by angular 
fluctuations. Amplitude fluctuations are of lesser importance and the instru¬ 
ment noise of the radio receiver exerts virtually no influence. 


It was demonstrated in chapter 3 that radio interference of the type of 
fluctuations of received signals does not lead to an appreciable change of the 
conversion properties of the direction finder of the rocket and of the coor¬ 
dinator as a whole. Therefore, if there are sufficiently small values q = e-0 
and q^ = - 0^, homing systems can be considered linear. Then the influence 

of interference is reduced to the appearance of additive noise at the output of 
the coordinator, and the block diagrams of homing systems for rocket guid- / 59 O 
ance by the direct method and the parallel approach method will have the 
form represented in figure 11.4a, b. 

We note that figure 11.4a, b was obtained on the basis of figures 10.8 and 
10.10 with the replacement of A in the latter by A m + u nc , where u nc is the 

noise signal at the coordinator output. 


The approximate value of errors of rocket guidance by such systems can be 
found in accordance with the method described in section 11.4 if we apply the 
principle of "freezing" of the variable coefficients, including distance r. 
However, it must be remembered that the application of the principle of 
"freezing" of the coefficients with respect to homing systems, in some cases. 


can lead to a relatively low accuracy of computation of 



and a 


my 


At the 


same time, considerable difficulties often will arise when determining h^y and 
2 

Omy, as a resu ^-"* : solution of the systems of homing equations when taking 


into account the change of the coefficients in these equations. 


If it is assumed that the homing system is linearized and that the prin¬ 
ciple of "freezing" of variable coefficients is applicable, in accordance with 
•the block diagrams shown in figure 11.4, we obtain 
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Coordinator Automatic pilot 


Rocket 



Figure 11.4 


V = Mt) r= r , 


K 


( 11 . 6 . 


where h.(t) is the rocket miss, determined by formula (10.3-7) when r = 

t r=r K 


and 0 + = 6 = A_ = 0; r is the distance between the rocket and the target at 

x 0 0 K 

the time when the control command ceases. 

On the basis .of expression (11.6.1) we obtain 


h = h (t) 
my t r=r. 


K 
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and 



y 


where op is the dispersion of the random function h. (t) 
h ^ 

and u nc ^ 0. 

However, as follows from the block diagrams shown in figure 11.4 


when 0 t =6 o =A o =O 

IS. 




-r- -'.OVI 11 ' 


r=r. 


K 


h t (t) 

r=r K 

u nc< 

:t) 


is the transfer function of the closed control system 


where F C (D) = 

in which the signals u nc (t) and h^(t) act at the input and output, respectively, 
when r = r^ and 0-^ = 6 q = Aq = 0. 

Then for a steady-state regime, we obtain /592 


^my - ^c^^nc* 


( 11 . 6 . 2 ) 


V=ij’ I F < W 1 2 G nc^ dw ’ (11.6.3) 

0 

where G nc (co) is the spectral density of signal fluctuations u nc (t) • 

If within the limits of the passband of the guidance circuit, the spectral 
density G nc (o)) remains virtually constant and remains equal to the value of 

-this function when a) = 0, expression (11.6.3) is simplified and assumes the fol¬ 
lowing form 


my~ i G nc (0) j 1 F c 0 ' W) |2 dUK (11.6.3a) 

0 

Under real conditions, the function F c (j(Jo) can characterize either an 

astatic or a static system. For example, it can be seen from figure 11.4a that 
a homing system ensuring the direct method of rocket guidance is astatic rela¬ 
tive to the signal u nc (t) and the miss h^_. This means that the mathematical 

expectation of the rocket miss will be equal to zero even when u nc ^ 0. At 
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the same time, the system whose block diagram is shown in figure 11.kb is 
static relative to the signal u , provided the output is the miss h.. It 

therefore follows that, in contrast to the preceding case, the integrator does 
not contain a feedback since the coordinator ensures a differentiation of the 
input signal. 

The fluctuation signal u appears as a result of conversion of the noise 

voltage u n produced by the direction finding component of the coordinator. It 

is easy to s^e that the relatively constant component of the voltage u fl of the 
homing system in the parallel approach method is astatic. 

Thus, in parallel approach of a rocket to the target, the mathematical 
expectation (systematic component) of the guidance error due to the effect of 
interference can appear only when there are errors in measurement of the angu¬ 
lar velocity of the "rocket-target" line, provided the transfer function F C (D) 
characterizes a static system. 


By introducing additional integrating links into the circuit between the 
points of cutting in of the signals h^ and u nc , it is possible to achieve an 


absence of the mathematical expectation of 
du_ 


presence of u nc , 


nc 


dt 


, etc. 


In those cases when F c (juu) ^ 0 when uu 


rocket guidance error even in the 


= 0, expression (11.6.3a) should be 


written in the following form 



“ ^dc c^nc 


(0)AF 


ep c’ 


( 11 . 6 . 1 ) 


where k, and AF__ are the transfer constant for direct current and / 593 

the effective passband of a system with the frequency characteristic F c (juu). 

If F^(jcu) characterizes an astatic system, the dispersion of the miss must 

be computed on the basis of expression (11.6.3a) or (11.6.3). 

As an illustration of the method of determination of fluctuation errors in 
systems of homing by the direct method and the parallel approach method, we 

— 2 

find computed relations making it possible to compute h and for the 

homing systems whose block diagrams are shown in figure 11.4a, b. Here it will 
be assumed that Wg(D) = 0 and VT^(D) = k^(T^D + l), where k^ and are the 
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transfer constant and the time constant of the apparatus measuring the angle 
respectively. 


On the basis of figure 11.la, when 0^ = 6^ = Aq = 0 and r = r^., we obtain 

_ J _ fjPWAD) W'AP) _ 

- v# r 2 D + ^ r \DW t (D) W s (D)-k OF W t (D) W^D)^ 0, 

whe re „ I 

WAD)=Y^r K -, W t (D) = l+ 1 ^ n , IP S (D) = L (D) F , (D); 

WAD) aF(D) 

F ' (0 > = 1 + IT, (D) W t (D) W b (D) ' W ' < D) = D 2 + 2d« 0 D + »* ' 


After replacement of W^(D), 


W_(D) and W_(D) by their values, we find 
5 2 


Here 


1 rjvL(D) F(D)a t D 

h * (t) | rmr * = — QAP) *hc W* 

<?, (D) = r K D [ T V D (D* + Id^D + a,*) + a^F (O) ( T V D + 1 )(T b D + 1 )] 
+ D (T V D + 1 ) a t L (£>) F(D)- (D) F(D). 


(11.6.5) 


From expression (11.6.5 )> we obtain the earlier expressed assertion that a 
homing system based on the direct method is astatic. It also is found that the 
form of the transfer functions F(D) and L(D) cannot decrease the degree of 
astaticism. 


Assuming that within the limits of the passband of the guidance circuit 
the spectral density G nc (cu) «G nc (0)j i n accordance with formulas (11.6.2) and 

(11.6.3) we will have 



= 0, 


«* 

my 


1 „ _1 f | jfyLU*)PV*)a % m 

v 2 0 G nc (0) 2n J | QAM 

0 


2 


( 11 . 6 . 6 ) 


For example, if L(D) = and F(D) = k^, we find that 


1 r 2 vk t k t a t D 

F C (D> = ^ D r. \T^D[m + 2 MD + »*) + a,*,A* iTvD + 1) (+ 1)] + “ 


+ k of r* Dk ' ,t ia l (T v D + 1) — 
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Using the method for computing the integral entering into expression 
(11.6.3a) considered in section 11.4, we find 


(11.6.7) 


where 


my = 4 (a — b — c) - 

a = r ic^ DF ^ 2 a 5 (2rf<*> 0 T v + d^k^k 2 T^T V ) (k§T v -f -|- ^ DF ^i T r)i 
b = k D p (2doi 0 T v + aJt^ t T b T v Y\ 
c = T v r K k^Jt\k 2 &g 


The derived expression (11.6.7) makes it possible to compute cr^ if the 

my 

parameters of the homing system and the spectral density G^ c (0) of the signal 

fluctuations u nc (t) are known. Naturally, ^ nc (^) is essentially dependent on 

the structure of the received interference. Thus, when taking into account the 
influence of the amplitude fluctuations of the signals received from the tar¬ 
get, in accordance with formula (3.9.24) we find that 


a nc(°) =-12- 


For a system in which r = 5^0 m, v = 100 m/sec, a = 50 l/sec , k = t, 

K 6 1 

= 50 v/rad, k^ = 0.01 rad/v, 2du) Q = 0.7, T y = 3 sec, k^ = 50 v/rad, 

2 

T^ = 0.5 sec, Vq = 300 m/sec and ^ nc (°) = 0.2 v "sec, the mean square value of 
the miss is approximately 8 m. 

It follows from the block diagram shown in figure 11.4b that when 
0 t - 6 0 - A 0 - 0 

, L (D) W 3 (D)vr^D 

C (D) ~ v 0 T v r K D* + L(D)W 3 (D)vW„(D)- 


where 


WAD) 


F(D)a t 


w 3 (D)~ , + Wi(D) WAD) \ wad)- Dt + 2daoD + t % 

WAD) = kAT»D+ 1) (l + -j^) ; 

w (D) _ Wti 0 - 

w c W-H l p(T a D + D + Va**' 
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After transformation of this expression, taking into account that the 
voltage 


*a D 

c (<) = 0(£D + !) + *„ “n 


( 0 . 


where ky - 


k DF k a k 3 


H, 


is the amplification factor of the velocity coordinator, and 


u n (t) is the fluctuation voltage acting at the output of the link with the 


transfer constant k , we obtain 

DF’ 


*<Wlr.r, 1 L(D)vr\a l k a F(D)D 

"n (0 - V 0 r K [ T V D (D 2 + 2d^D + «*) + F (0)X - ' 

-*■ Xfljfta(7" P D+1)] [O(7’a£ ) +l)+*vl + -* 

-► -f va.k kL(D)F(D) 

5 of a ' 


( 11 . 6 . 8 ) 


Q 

Formula (11.6.8) makes it possible to compute a* for stipulated param- /595 

my d - 

eters of the homing system and the spectral density G n (0) at the zero frequency 
for the voltage u^O). In addition, this formula makes it possible to select 
the circuit coefficients in such a way that for a given value G n (0) the disper¬ 
sion of the miss does not exceed the admissible value. 

Now, on the basis of expression (11.6.3) when L(D) = k , F(D) = k and 

T = 0, we will have 
a 7 


where 


2 1 v2r K^i^2 a ?^a( 4* 2du 0 T v -f 

my~ v\ n^ 4 (a, — — Cj) 

= (7* v k v 4~ 2doi Q T v -f- k 2 a^k^T v T§) ^2 do> Q T v ky -f- T -j~ k 2 a^k§T V T§ky 
4- k t a^k§T v 4- ~l“ 4* k 2 a^k§T§ky 4* • 

= T v ky 4* k 2 a^k v T v ky 4~ k 2 a^k^ ; 

/ vk^a k k>\ 

c \ — ( T v ky 4 - 2 d<M 0 T v 4 - koa^k^T V T ^) 2 a ^^y 4 * J - 


(11.6.9) 


With the same parameters as in the preceding case and also with k Q = 1 and 
ky = 5 l/sec, we find that the mean square miss of a rocket guided by the 

o 

parallel approach method for G n (0) =0.2 v -sec is approximately 1.7 m. 
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We note that the cited examples have a purely illustrative character and 
cannot serve as a basis for the conclusion that the mean square value of miss 
of a rocket guided by the parallel approach method in all cases will be less 
than in the direct guidance method. 

In homing systems, artificial interference can exert an influence on the 
radar stations used in scanning the target (in the case of semi-active homing) 
and radio receivers carried on the rocket. If the interference acting on the 
"nosecone" receiver of the rocket does not change the conversion properties of 
the coordinator, the rocket miss can be computed on the basis of the earlier 
cited formulas. Otherwise, it is most important to determine the coordinator 
equation taking into account the influence of interference on it and then solve 
the derived system of equations. The effect of artificial interference on a 
radar set for scanning the target can cause a cutoff of the regime of automat¬ 
ic tracking, resulting in a disruption of the homing process. The same result 
can be caused by the effect of interference in the channel of the instrument 
used for measuring angular coordinates and the range and velocity target 
selection apparatus. 


11.7. Skewing of Coordinate Systems and Its Influence 
on the Quality of Rocket Guidance 

In a general case, the formation of the mismatch parameter, the output of 
control commands and the creation of the acceleration vector j n of a rocket is 

accomplished in different coordinate systems frequently called measurement, 
command and control coordinate systems. The different character of motion 
of these coordinate systems leads to their skewing, which, as already men¬ 
tioned, is expressed in absence of parallelism between the axes of the control 
and all other coordinate systems used in the control system. 

Skewing can be represented most simply by using the example of a command 
radio control system of the second kind for a case when a rocket is guided by 
the vane method. 

We will assume that the corresponding axes o^^-, Oj^, o r ypr, o r y m , o T ?^ 
and Oj,Z jh of the command and measurement coordinate systems an d 

OpXjjjyjjjZjjj coincide in direction. In addition, we will assume that the coordi¬ 
nate systems and cannot rotate about the axes o r x^ and o r x m , 

which coincide with the air velocity vector v of the rocket. Then, taking into 
account that in winged rockets the control (related) and flow coordinate sys¬ 
tems and o r xyz coincide with one another with a sufficient degree of 

accuracy, it is easy to confirm the absence of angles between the axes Ojjc, 
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OjJCjjj, o r y and o r y m and o r z, o r z m , if they are oriented correctly initially and 

if the rocket is stabilized for banking. However, if the rocket is not stabi¬ 
lized for banking, there can be a turning of the system o r xyz around the axis 

OjjCjjj, which leads to the appearance of angles Y s k ew between the axes o r z, o r z m 

and o r y, o r y m (fig. 11.5). 

We note that in constructing the diagram shown in figure 11.5, we took 
into account the presence of a common origin of the systems Ojjcyz and Oj^y,,^ 

at the point o r , corresponding to the center of mass of the rocket. 

We arrive at the same results under the condition that the rocket is sta¬ 
bilized for banking but the vane base can turn about the axis o.^^ The value 

Yskew will be characterized by the total effect of rotation of both coordinate 

systems and ° r xyz if they are not stabilized. 

The skewing resulting from the relative rotation of the considered coor¬ 
dinate systems about the coinciding axes OpX and Ojj^ usually is called plane 

skewing. Plane skewing can be illustrated sufficiently clearly using the exam¬ 
ple of a beam-riding control system ensuring rocket guidance by the coincidence 
method. 

We will assume that the control point o D , where a radar station is situ- 
a bed (fig. 11.6) is fixed and the axis o r x of the flow coordinate system coin¬ 
cides precisely with the longitudinal axis of the rocket and the equisignal 
direction. We will assume further that the rocket is stabilized for /597 

banking and that the direction of the radio beam is changed by the turning 
of the antenna system of the radar station about the axes OpZ v and o^y v ; the 

presence of the angular velocity y causes turning of the axis o„z .. 

V n V 
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Figure 11.6 


Figure 11.6 shows that the coincidence of the beam o„x with the direction 

R m 

to the target T is achieved by turning the antenna in the plane ox y by the 

r\ v v 

angle (3 = f3^ and about the axis o R y v by the angle v = The axes o^y^ ana 

o^z of the measurement coordinate system o„x y z of the radar station formed 
R m H mm m 

thereby characterize the coordinate grid transmitted to the rocket by a refer¬ 
ence voltage. As a result of the different character of the movement of the 
axes Opy m > °R z m an ^ ° r y> °r z > the i- s turned by some angle Y s k e w relative 

to the coordinate system OjOCZ in which the reference signal was formed at the 

beginning of the guidance process. The value Yskew i- s determined by the fol¬ 
lowing expression 


t 

^skew = J ^skew^)^' 

0 

where Y s i cew .(t) is the angular velocity of the turning of the coordinate system. 

° x vz m about the axis o x . 
r nrm m pm 

However, since the system °p x m y m z m changes its position due to the angular 
velocities y v and z y , then 


= *vl + hi' 
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where y v ^ and z y ^ are the projections of the angular velocities and z v onto 
the axis Op^. 

In accordance with the selected method of change of direction of the equi- 
signal line, the horizontal axis of rotation is always normal to the straight 
line OpT, and as a result z v = 0. Then, under the condition that at the /598 

time of rocket launching the angle p^ = 0, we will have 

t dp ^2 

Yskew = J TT cos V R dt = J cos Yr^P. 

0 dt 0 

Here P^ is the azimuth of the axis of the beam at the current moment of time of 
rocket flight. 

If at the beginning of the guidance process the azimuth of the rocket is 
not equal to zero, but forms the angle P^, then 

P 2 

Yskew = J cos Yr<3P. (11.7.1) 

% 


It follows from 
angle of the target. 


expression ( 11 . 7 .l) that with an increase of the position 
equal to 90° - Yp> the angle of skew Y s k ew > all other con¬ 


ditions being equal, increases and when y < 30 ° the following approximate 
equation is correct 


^skew ^ ^2 " ^0‘ 


In actual practice, the values Y^gy-' can attain l80° or more. For example 

in the case of linear flight of a target along the horizontal straight line 
T T (fig. 11.7)) where the points T n and T correspond to the times of the 

beginning and end of the guidance process, the beam of the radar station RS 
moves in the limits of the angle T^RST^. In this case, if the projection of 

-the point characterizing the position of RS on a horizontal plane passing 
-through the straight line T Q T^ corresponds to the point 0, in the case of a suf 

Ticiently great position angle of the target, the value V s ^ ew will be equal to 
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the angle T n OT . Figure 11.7 shows that the shorter the length of the perpen- 

U j£ 

dicular OA, called the target parameter, the greater is y , and in the case 
of a very short length of the segment OA the angle y , is extremely close to 

l8o°. skew 


When the target moves curvilinearly, it is easy to demonstrate that the 
skewing can attain 3^0° or more if, during the time of rocket guidance, the 
target can fly more than one circle. 

The use of the parallel approach method in beam-riding control systems 
leads to y g ^ ew = 0, if the target moves uniformly and linearly. This can be 

attributed to the fact that the direction of the equisignal line, which coin¬ 
cides with the set forward point, remains constant during the entire time of 
rocket flight. However, in those cases when the target maneuvers, the / 5?9 

values V s jj ew in the case of parallel approach of the rocket to the target 

can be l 80 ° or more. 

In command control systems of the first kind, characterizing the spatial 
separation and different laws of motion of the measurement and control coor¬ 
dinate systems, plane skewing can be found approximately the same as in beam¬ 
riding control systems. Depending on the type of measuring instruments in¬ 
cluded in the coordinator, the character of motion of the target and the rocket 
guidance method, the range of change of Y s k ew is rather great: from zero to 
several hundred degrees. 

Plane skewing in homing systems is caused by the possibility of relative 
turning of the measurement and control coordinate systems, and when stabiliza¬ 
tion apparatus is used does not exceed several degrees. 

In most cases, under real conditions, there is spatial rather than plane 
skewing of the measurement and control coordinate systems. This can be attrib¬ 
uted to the fact that the axis OyX is displaced (is set forward) relative to 
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the axis usually coinciding with the straight line between the rocket and 

the target or the control point and the target. 


An exception is the pursuit method in homing, when the velocity vector v 
is directed to the point where the target is situated. The maximum angle of 
deflection is required in parallel approach methods. However, in accordance 
with the information in chapter 2, it can be established that when v^/v < 0.5, 


the mismatch of the axes OpX and Ojj^, sometimes called "deflection," does not 


exceed 30-40° (ref. l). 


Such deflection values lead to changes 


Yskew which in 


the worse case are 20-30°, but most frequently only several degrees. Therefore, 
in the first approximation the value y s ^ ew can be computed only on the basis 
of an analysis of plane skewing. 


After it has been established that the angles Vgjjgy- can vary in the range 

from several to several hundreds of degrees, the problem arises of the influ¬ 
ence of the phenomenon of skewing of coordinate systems on the quality of 
rocket guidance. 


It is found that small angles y s ^ ev lead to lengthening of transient 

processes in the control system and greater angles to a total loss of stability 
of the guidance circuit. 


For confirmation of this conclusion and determination of the admissible 
values V s j cew we will analyze the influence of plane skewing arising due to 

spatial turning only of the control coordinate system relative to the coin¬ 
ciding measurement and command coordinate systems. In this process, we will 
assume first that a Cartesian control of the rocket is used. We will assume 
that at some time t the axes o r z m , o r z, o r y m and o r y are oriented as shown in 

figure 11.8 by solid lines, and we will assume that lateral acceleration /600 
was formed under the influence of the coordinator signals 
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^nz + ^ny' 


where j and j are accelerations arising with the deflection of the rudder 
nz ny 

and elevators, respectively. 


If in the course of further guidance of the rocket, the axes o^z and o^y 

are turned by the angle Y ^ ew and occupy the position o r y f and o r z', with the 

formation of this same mismatch signal at the coordinator as at the time t, 

the elevators and rudder are deflected to their former angles. As a result, 

accelerations appear whose vectors and j 1 will coincide with the axes 

nz ny 

o r z f and o r y ! . The moduli |j^ z | and |j^ | be equal to |J nz | and |j | , 

respectively. Summation of j 1 and j f gives the acceleration vector j', 

nz ny n 

turned by the angle Y sicew relative to the vector J n . At the same time, 

Mnl = \^n\ * ^ is eas ^ see same results can be obtained in a case 

when the turning of the axes o y and o z is absent but the axes o y and o z 
. j r 17 r r^m r m 

rotate. 


It follows from the above that in the case of Cartesian rocket control, 
the skewing of the coordinate systems o r y m z m and o r yz by the angle Y s ^ ew leads 

to the turning of the acceleration vector created by the control surfaces 

by the same angle y relative to the direction of the vector j which would 

s Kew n 

be obtained in the absence of the skewing phenomenon. 

Similar conclusions also are drawn for the case of rocket control in polar 
coordinates. However, if the content of the preceding chapters is recalled, 
it can be concluded that the skewing phenomenon leads to the same influence on 
the quality of the rocket guidance process as the dephasing of the rocket-borne 
radio apparatus included in the coordinators of homing systems and beam-riding 
guidance systems. 


It therefore can be assumed that the limiting value of the skewing angle 
Yskew i- s determined primarily by the inertial properties of the radio control 

system. However, angles y exceeding 45° are inadmissible, because addi- 

SKGW 

tional factors causing deflections of the vector (errors in measurement of 
the mismatch parameter, dephasing, etc.) usually result in loss of stability of* 
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the control system (ref. l). 


A further decrease of the angle v is 

skew 


/601 


dependent on the reserve of stability of the system: the greater the inertia 
of the control system and the lesser its reserve of stability, the smaller are 
the admissible values y s -^ ew ‘ In rough estimates, it is assumed that the angle 


“Yskew should not exceed 10° (ref. l) 


More precise values y , for which there is an insignificant worsening 

SJS6W 

of the quality of the rocket guidance process, can be found by modeling of the 
guidance process using electronic computers. 


Thus, on the one hand, if special measures are not taken, it is possible 
to obtain very large angles y , and on the other hand values y ^ 10° are 

SKcw SiCGw 

admissible. Therefore, in developing radio control systems, it is necessary to 
use methods decreasing the influence of skewing of coordinate systems. One of 
these methods involves elimination of the factors responsible for the relative 
rotation of coordinate systems. Skewing can be virtually completely eliminated 
most easily in homing systems and command control systems of the second kind, 
based on the use of direct and vane guidance methods. 


In all cases of rocket homing with deflection and also rocket guidance 

using beam-riding and command control systems, the elimination of the skewing 

phenomenon is essentially impossible. This can be attributed to deflection of 

the axes. However, since the deflection usually exerts a small influence on 

Y , by an appropriate innovation of a radio control system it is possible to 
sicew 

achieve an appreciable decrease of the angle Y s ^ ew * Thus, a radical measure 

decreasing Y skeW for the above-mentioned beam-riding control system (fig. 11.6) 

is the stabilization of the measurement coordinate system in such a way that 
there is no rotation of the system about the x-axis. If for some reason this 
method for displacement of the beam is inapplicable, it is possible to change 
the direction of the axes of rotation of the antenna system of the radar sta¬ 
tion. By an appropriate selection of these axes, it is possible that the 
skewing will be insignificant in the case of large position angles 90 ° - y , 
rather than for small angles. 


The second method for decreasing the influence of the skewing effect in¬ 
volves measurement of the angle Y s ^ ew and the introduction of corresponding 

corrections into the controlling signals fed to the control surface apparatus. 
In homing, autonomous control and command control systems of the second kind, 
when the measurement, command and control coordinate systems are placed on the 
rocket, determination of the angle v . and its introduction into the control- 

ling signal usually involves no significant difficulties. Such a problem can 
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be solved, for example, as was described in section 9-7 in discussion of the 
problem of automatic change of operation of the rocket control surfaces. 

In beam-riding control systems, whose basic idea is illustrated in /602 
figure 11.6, the value of the angle Y skew is determined approximately by 

expression ( 11 . 7 .l) and the signal obtained in this way can be used for shift¬ 
ing the phase of the reference voltage at the control point, in order to change 
the angular position of the axes of the coordinate grid transmitted by the 
radar station to the rocket. 


One of the possible variants for realization of this idea is shown in fig¬ 


ure 11.9. 


The signals S and S , characterizing the position angles and the 
P v 


azimuth of the target P and v, which are measured by the radar set RS, are fed 
to the computer Com. This instrument is used to produce a voltage (current) S, 
reflecting the angle • Under the influence of the signal S, the phase 


inverter PI changes the phase of the reference voltage u re ^(t) formed by the 


generator, which is connected rigidly to the motor for rotation of the direc¬ 
tional diagram. The voltage at "the PI output is a corrected reference 


signal which can be transmitted to the rocket by a special radio transmitter or 
by modulation of the radar station pulses. 


11.8. Concise Information on Determination of Rocket 
Guidance Errors by the Modeling Method 

As already mentioned, analytical methods for solution of the equations de¬ 
scribing the processes of rocket guidance make it possible to obtain only 
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extremely approximate results. At the same time, in the creation of the 
individual units of a control system, an insistent need arises for refining 
their parameters so that the finally created complex of apparatus will ensure 
performance of the tasks imposed upon it. In addition to obtaining more 
precise data on the dynamic properties of the control system, it is extremely 
important to determine the effectiveness of the influence of different types 
of fluctuations and, in some cases, artificial radio interference as well. 

In other words, a sufficiently precise allowance for all the factors charac¬ 
terizing the error in rocket guidance is an extremely important problem /603 
at all stages in planning a radio control system. 

The solution of this problem is facilitated to a considerable degree by 
methods of modeling guidance processes, although final conclusions on the qua¬ 
lity of the control system can be drawn only on the basis of data from polygon 
(testing grounds) and other forms of rocket tests. 

As is well known, by modeling is meant the simulation of the processes 
transpiring in a real control system, using other apparatus which usually can 
be constructed more simply and whose characteristics can be varied quite easily. 
In actual practice analog and digital computers are used as such apparatus. 

Mathematical and mixed modeling of a radio control system can be distin¬ 
guished in accordance with the methods of use of the modeling apparatus. In 
mathematical modeling, the operation of all the elements of the investigated 
system is represented in mathematical form and the equations obtained in this 
way are solved by computers. In mixed modeling, one part of the guidance cir¬ 
cuit is formed by real apparatus and the other is formed by equations. 

Mathematical modeling makes it possible to obtain less exact results than 
mixed modeling. This can be attributed to the fact that in derivation of the 
equations replacing the real links, it is necessary to make a number of sim¬ 
plifying assumptions, especially in the analysis of radio apparatus under the 
influence of a high level of interference, including artificial interference. 
This circumstance is a shortcoming of mathematical modeling. However, the use 
of mathematical models exclusively makes it possible to investigate rocket 
guidance processes not only at the true time scale, but also with a lag or 
acceleration. The latter is very important because, in a relatively short 
time, it is possible to obtain a great quantity of varied information. Hence 
it follows that the solution of the problem of finding equations which with 
a high degree of accuracy reflect processes in each of the links of a radio 
control system for different methods and environmental conditions of its use 
is timely. 

For mixed modeling, in many cases, it is necessary to create an extremely 
unwieldy and expensive apparatus. In addition, it must be remembered that 
mixed modeling can be accomplished only at the true time scale. 

When carrying out mixed modeling it is most feasible to use analog com¬ 
puters. This is due to the simplicity of coupling the units of the model to 
real apparatus. At the same time, it must be remembered that digital com¬ 
puters ensure a considerably higher accuracy of solution of equations although 
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the preparation of a program for their operation in some cases involves 
extremely time-consuming processes. 

The principles of operation and the design of digital and analog /6o^ 

electronic computers and also their use for modeling various physical 
processes now are described quite fully in the literature (refs. 6 k and 65). 
Therefore, in this section we will consider briefly only the principles of 
mathematical and mixed modeling using analog computers from the point of view 
of determining the output parameters of the system analyzed under the influ¬ 
ence of parasitic random or nonrandom perturbations. 

As pointed out, mathematcial modeling is the machine solution of a system 
of differential equations describing processes which transpire in a real radio 
control system. As a result of appropriate transformations, the system of 
equations can be reduced to a single equation. After the equation which is to 
be investigated has been derived, it should be appropriately prepared. The 
preparation involves replacement of the modeled functions by electrical sig¬ 
nals and the selection of a time scale M . Determination of a suitable value 

U 

is of great importance because when an excessively long time is required for 

solution of the equation on the electronic computer, there will be considerable 
errors due to the instability of the current sources and the zero "drift" of 
the voltages produced by the computer. At the same time, a short integration 
time distorts the solution as a result of the influence of transient processes 
in the computer. 

It has been established by experience that the time scale should be 
selected in such a way that all the coefficients in the equation prepared for 
machine solution differ insignificantly from unity, and naturally it is also 
necessary to take into account the total time t q which is required for ob¬ 
taining a solution. If t is too long or too short, it is necessary to modify 
the value M . 

In order to obtain a more graphic idea concerning the operations of pre¬ 
paring and compiling an electronic model, we will consider a control system 
described by a fourth-degree linear differential equation with the constant 
coefficients 


n = m 




( 11 . 8 . 1 ) 


where h^t) is the output signal of the investigated system, and u^(t) is a 

function characterizing the input action. 

For clarity in exposition, we will assume that the above equation, which 
can be derived on the basis of the block diagrams of command radio control 
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systems and beam-riding control systems, neglecting all derivatives of func¬ 
tions whose power is greater than four, characterizes the rocket miss h (t) 

under the influence of noise acting at the coordinator output or CCRL output 

when 0 + = 0 = = A. = 0 and r = r.. 

z c u o r t 

The coefficients b. , b , b , b and b^ can be found in accordance /605 
4 3 2 1 0 1 —- 

with the block diagrams shown in figures 11.1 and 11.3. 


After converting the modeled value h into a voltage and replacing the 
mathematical time t by the computer time t (using the scale factors and 
having the dimensionality |TJ, ref. l), we will have 


and 


~~ M h u ' I 

/ = ~M, ) 


+ ~k; M r ir + b ° “=«> ( T )> 


( 11 . 8 . 2 ) 


(11.8.3) 


where u^(t) is the voltage u-^(t) obtained with the replacement of t by t. 

Under real conditions in most cases b^ < b^ < b 2 < bj < bQ. Therefore, 
by an appropriate selection of the value > 1, after dividing the left and 
right-hand sides of equation (11.8.3) by b. M^, we find that the coeffi- 

cients standing before the function u(t) and its derivatives differ little from 
1. As a result of division by b^ _i_ M^, we obtain the following computer equa- 

tion (electronic model equation) for the investigated control system 


d*u . „ ePu , _ d*u , du , , , . 

■3? + a >-d# + a *-d& + a > -3T + «o« = K (*)• 


(11.8.4) 


Here 


a,= 


M t bi' 


a 2 - 




M\ b 4 


M]b t 


& n 


M h 




b<M* 
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Since the analog computer does not contain differentiators, the equation 
(11.8.4) should be solved relative to the higher derivative, whose integration, 
with the initial conditions taken into account, makes it possible to find all 
the lower-order derivatives. Using such an approach, we obtain the diagram of 
the program shown in figure 11.10, with the assumption that the initial condi¬ 
tions are zero conditions. In this diagram, the elements with the coefficients 
b, a^, a^, a^ and a^ reflect amplifiers with transfer constants equal to b, 

a^, a^, a^ and a^, respectively. It is assumed that the sign of the input sig¬ 
nals is not changed by such amplifiers. The symbols - — and -1 in figure 11.10 

D 

denote the integrators and amplifiers performing the corresponding conver- /6o6 
sions of the output voltages with change of their sign (polarity). 

The random voltage u-^(t) , reflecting the input action, is produced by the 

generator Gen. The latter should be designed in such a way that the two- 
dimensional distribution laws, or at least the mathematical expectations and 
the correlation functions of the signal forming at the output of the generator 
Gen and the voltage u^(t) will be identical. 

If it is necessary to investigate the dynamic errors of rocket guidance, 
the method described above must be applied to the equation relating the miss 
h_ t (t) to the motion of the target and control point. 

When modeling a nonlinear radio control system, the superposition prin¬ 
ciple is inapplicable, and therefore the values of the output parameter must be 
determined under the condition of taking into account all possible external 
effects simultaneously. 

We will consider the principle of mixed modeling using the example of a 
beam-riding control system, on the assumption that the control point and the 
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target are fixed and the radio equipment of the rocket is used as the real 
apparatus. In addition, we will assume that a rocket stabilized for banking, 
an automatic pilot and a kinematic link for the vertical guidance plane are 
described by linear differential equations, on the basis of which we have shown 
the corresponding links of the block diagram in figure 10.12. We will also 
assume that W^(D) = k^, W^(D) = k^, F(D)L(D) = kg, that the rocket radio re¬ 
ceiver is acted upon not only by signals simulating the operation of the radar 
station and the motion of the rocket, but by radio interference as well, and 
that the equations for the rocket, kinematic link and automatic pilot for /607 
the horizontal guidance plane are of the same form as for the vertical plane 
and differ only in the absence of signals similar to Aq, 6q and the subscript 

"1" on the coefficients, functions and independent variables. 

In order to be able to select a model diagram, it is necessary to replace 
the real equations of the rocket, kinematic link and automatic pilot by com¬ 
puter equations and model the radio beam of the control system. First, we will 
consider the equations describing the process of rocket guidance in a vertical 
plane. 


It follows from figure 10.12, with 0 C = 0 = 0, that 



h t — -v9, 

9=±-(a-A 0 ), 

* V 


a + 2 d(o 0 a + wja = a 8 + S 0 ), 

8 r = k t U f y + k a a + 

& = 6 + a, 


where u f is the voltage acting at the output of the rocket radio equipment for 

y 

the vertical control plane, taking into account the effect of interference. 

As already mentioned, when real apparatus is included in the model, the 
investigation of processes must be at the true time scale, and therefore the 
preparation of the written equations will involve only a replacement of e r , h^, 
6 , o', 6 r and t? by the corresponding voltages. 

We will assume that 


m > h t w , 0 


' M 


M h 


|_^9_ 


a =W' = W and » = 
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where u . u , u , u , u e and u 0 are voltages characterizing the parameters e 9 
z h 0 cr 6 v * 

h+, 0, a, 6„ and 2?, and M . M , M , M y M e and M_ are the scale factors. Then 
^ r e h 0 or 0 v 

the reduced system of equations is transformed to the following form 

ii h = k 3 u i , 
u 9 = k 2 u a — u a , 

u a + 2du> 0 u a + u >lu, = + u 0 , 

= kqll'y + k s U a 4 * k 9 « 8 , 


(11.8.5) 


Here 


[So 3 


• _ l Af, _ M, , 

— a *lT • *2— r _ ^ . *3— m h ’ “ 4 r r M h ’ 


Af» 


r. M. 
M 


M 


. fc *"» . b — k M ■ k« — k — • 

* K »-~ M » *7 *8 *« M » 


Af, 


Af a Af, 

kg — ! ^0 Af.U w , IIq ^0- 


Similarly we find the following computer equations determining the rocket 
guidance in a horizontal plane 



1 — 

- k K , 

1 &h. 1* 


1 = 

: ^ 3 . 

1% l» 

% 

1 — 

- k 2 _ 

1 tt a. 1» 

°>0. 

1 

1 + 


=7- Kl 

+ k 

'8. l^a. 1 

►. 1 “ 

= k> 

.1 “a 

1 + k { 


( 11 . 8 . 6 ) 


In this system 


u , u , u , u , u. , and u a , are voltages corresponding to the 
e .1 h.l 9.1’ a.l 6.1 t?.l 

signals ^ h t ^ 9^, o^, (> l and 

u f is a voltage produced by the rocket radio apparatus for the horizon- 

y-i 

tal control plane with the effect of interference taken into account; 
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e , and h, , are the angular and linear deflections of the center of 
r.l t.i 

mass of the rocket relative to the equisignal direction; 

0^. and are the angles of inclination of the velocity vector of the 

rocket (in the horizontal plane, slip and yawing); 

6 . is the angle of deflection of the control surface (rudder); 

r.l 


Af a , u i M t , M t , 

; * 2 - ,— ; ki l = ~ v ' M h . , : 


_ 1 M t M >. 


fc __* «• i . t, 


M 


I ^6- I : 




o.i 


a. 1 


M 


M 


e. i 
A f, 


*7. i — K iM t ,ka.x — k^i A1 * 1 ; k t . x — k^ XM 


«• i 


a. 1 


». 1 


a 6 l 7 i are ^e coefficient of efficiency of the control surface 
(rudder) and the time constant of the rocket for the horizontal plane; 

r . is the distance from the control point to the rocket in the horizon- 

r.l 

tal plane; 


k^ k^ ^ and k^ ^ are the transfer constants of the automatic pilot /609 


relative to the signals u' , o' and a? ; 

y.x x x 


M 


n , M. . and M« , are the scale factors for e„ , , 
:.l 7 n.l 7 0.1 7 a.I 7 6.1 tf.l r *J- 7 


h t.l> 9 1> a l> 6 r.l and *1? 

2d^u)Q ^ is the attenuation factor and natural frequency of oscillations of 
the angle of slip o^. 

Since in most cases the course and pitching control channels are identical 
or have parameters quite close to one another, it is feasible to assume that 

M = M , M = M , M = M , M, . = M* and M« , = M„. 
e.l e h.l h 0.1 Q’ 6 & 


In accordance with the principle of design of a beam-riding control sys¬ 
tem, at the input of the rocket radio receiver there should be radio pulses 
which are amplitude-modulated by a harmonic voltage. The intensity of modula¬ 
tion and the phase of the modulating voltage determine the value of the angle 
and the direction of deflection of the rocket from the radio beam. A model of 
the radio beam is needed for creating such radio pulses. In addition, the in¬ 
put of the rocket radio receiver should receive reference voltage signals. 
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Rocket, automatic pilot 
and kinematic link for 
vertical plane 

I -1 



5, PG 

6, SOG 

7, CU 

Figure 11.11 


Then, using equations (11.8.5) and (11.8.6), and also a model of the radio 
beam, the rocket radio apparatus RRA, a radio interference source S and a sum¬ 
mer it is possible to obtain the functional diagram of the modeling appara¬ 
tus shown in figure 11.11. In figure 11.11, the equations of the rocket, kine¬ 
matic link and automatic pilot for the vertical guidance plane are represented 
in the form of a diagram where the elements with the coefficients k^, uu 2 and 

2do>^ denote amplifiers which do not change the polarity of the input signals 
and the symbols £ denote summers. 

The radio beam model is created with a coupling unit CU, a generator of 
sinusoidal oscillations SOG, a pulse generator PG, a radio-frequency signal 
generator RFSG, a modulator Mod, an attenuator At and a programming mechanism 
PM. 
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The following voltage is fed from a coupling unit 


u c — c | #| | sin (2/ + <p)> 


where c is a proportionality factor and 




+ e 


2 

r.l" 


This voltage is formed from feeding of the signals u. and u , and also 


sinusoidal oscillations fed from the output of the SOG, which forms the voltage 
u ori with the frequency 0 equal to the frequency of scanning of a real radar 

SO 


set. The SOG signals also are fed to the generator PG where pulses are formed 
having the same repetition rate as in real radio apparatus, and a reference 
voltage is formed. This is done by repetition-rate modulation of the PG pulses 
by the voltage u go and the corresponding code groups are formed. 

The PG pulses control the radio-frequency signal generator RFSG, /6l0 

whose output signals, together with the voltage u c , are fed to the modulator 
Mod. 


By appropriate selection of the parameters of the modulator Mod and the 


amplitude c 


of the voltage u , the actually forming mismatch angle e will 
c 1 


correspond to the necessary changes of the envelope of the received radio 
pulses. In order to take into account the change of strength of signals fed to 
the input of the rocket receiver, the modeling apparatus includes an attenuator 
At which is driven into motion by the programming mechanism PM. 


The summer is used in mixing the radio interference and the signals 
characterizing the radio beam. 


Using the modeling apparatus shown in figure 11.11, it is possible to in¬ 
vestigate the influence of dephasing and unbalancing in the rocket radio ap¬ 
paratus RRA and also the effect of interference on the accuracy of rocket guid¬ 
ance if the voltages u^ and u^ ^ are written in some way. In addition, other 

parameters of the radio control system can be analyzed. 

The coupling unit CU, as indicated by its name, acts as a converter /6ll 
of the mismatch signals received at the output of the model in a rectangu¬ 
lar coordinate system, converting them into a mismatch signal in a polar coor¬ 
dinate system. The functional diagram of one of the possible variants of a CU 
is shown in figure 11.12. 


A voltage u , corresponding to the angular mismatch e , is fed to the ar- 
g r 

mature of the relay Rel^, and a voltage u g proportional to the angle e r ^. 
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Figure 11.12 


is fed to the armature of the relay Rel^. The windings of both relays are cut 

into the generator SOG (fig. 11.11); the voltage u s0 across the relay Rel^ is 

fed with a 90° shift by use of a phase inverter. 

Square pulses whose repetition rate is 0 are fed from the contacts of the 
relays Rel^ and Rel^; their amplitude and polarity are dependent on the value 

and sign of the voltages u. and u_ ,. 

The produced pulses are fed through cathode followers to selective ampli¬ 
fiers which form harmonic voltages proportional to sin Ot and e r ^ cos ftt. 

These voltages then are summed and amplified, creating the necessary voltage u c> 

If in modeling guidance processes it is necessary to take into account the 
characteristics of a real automatic pilot and the radar set errors, the diagram 
shown in figure 11.11 must be modified accordingly. For example, in order to 
take into account the random errors of the radar set, the appropriate random 
components must be added to the voltages u g and u g ^. 

Of course, the method of mixed modeling considered here is not universal. 
However, it can be used in solution of the problem of modeling of other types 
of radio control systems. 
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11.9. General Characteristics of Methods for Increasing 
the Noise Immunity of Radio Control Systems 

In most cases, modern electronic apparatus has a great excess of /6l2 

transmissivity with respect to the information necessary for rocket control. 
This can be attributed to the fact that the frequency spectrum of the input ac¬ 
tion stipulated by the motion of the target does not exceed several cps. At 
the same time, the passband of the radio receiving apparatus is determined to a 
considerable degree by the form of modulation of the carrier, the frequency 
instability of the radio transmitter generator and the heterodyne of the radio 
receiver, and falls in the range from several tens of kc/s to several Mc/s. 

-4 

For example, in the case of an instability of 2-4’10 and a carrier frequency 
of 50 Mc/s, it is necessary to have a passband equal to 10-20 kc/s. 

The resulting reserve of carrying capacity can be used for increasing the 
noise immunity of radio control systems. An increase of the noise immunity of 
the radio control systems is attained by the use of measures directed to an 
increase of the secretiveness of transmission of control signals and of the 
noise immunity of the radio receiving apparatus and the guidance circuit as a 
whole. 

An increase of secretiveness is based on the use of frequency, spatial, 
amplitude and temporal methods. 

Among the frequency methods is change of the working waves with transition 
from one guidance method to another and in the control process of the same 
rocket, and also masking of the operation-of the radio apparatus. The latter 
involves the creation of additional radiations hindering the reliable deter¬ 
mination of the carrier frequency of the transmitted communications (measured 
coordinates of the target, control commands, etc.). For masking purposes, it 
is necessary to use rather than one transmitter; these should operate at 

different carrier frequencies and be modulated by the same signals, whereas the 
rocket receives signals from only one transmitter. Under these conditions, 
when interference is organized at one frequency, the probability p Q that the 

operation of such a control system apparatus will be discovered and that inter¬ 
ference will be created can be evaluated approximately by use of the following 
formula 


1 


N 


tr 


The masking of the parameters of the transmitted signals is attained also 
by use of the so-called method of transmission using quasi-random signals (ref. 
111). The essence of this method, as applied to pulse command control radio 
links, for example, is that pulses which are chaotically following for the 
enemy are added to the sequence of pulses reflecting the transmitted command. 
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These additional signals, sometimes called a mask, are known for the re¬ 
ceiving apparatus itself, and as a result they do not hinder detection of 
the transmitted communications. 


The spatial secretiveness is determined by the width of the directional 
diagram of the antenna systems used. It is the greater the narrower is the 
beam used in the transmission and reception of the radio signals. 

Amplitude methods for increasing the secretiveness essentially involve a 
decrease of the radiated power so that, at the input of the reconnaissance 
receiver, it will be less than its sensitivity. At the same time, it must be 
remembered that such a method for increasing secretiveness usually leads to a 
worsening of noise immunity. 

Temporal methods for increasing secretiveness include a decrease of the 
duration and repetition rate of discrete signal transmission, change of the 
coding parameters, irregular transmission of communications, etc. 

For example, if communications are transmitted discretely and aperiodical- 
ly, when the carrier frequency is determined using a reconnaissance receiver 
with successive scanning of the stipulated frequency range, that is, a receiver 
of the panorama type, the secretiveness of the transmission, characterized by 
the probability p Q , can be evaluated in the following way. 

We will assume that the duration of a single transmission of a signal of 
the reconnoitered radio apparatus is negligibly small in comparison with the 
period T f of operation of the radio receiver and that during the time T r a 

signal is transmitted not more than once. 

Then the process of detection of the operation of the radio apparatus and 

the creation of the radio interference to affect it can be considered as a 

random event and the probability p of determination of a single signal 

O • X 

transmission will be equal to 

Af 

rec 

p ^- 

*o.l f ’ 
r 

where Af rec and f r are the width of the passband of the intermediate frequency 

amplifier of the reconnaissance receiver and the range of frequencies scanned 
by this receiver, respectively. 

The detection of different signal transmissions is accomplished indepen¬ 
dently. Therefore, in the transmission of N g signals during the time of rocket 

guidance for the probability p Q of detection of at least one signal, which is 
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equivalent to detection of the operation of the reconnoitered radio apparatus, 
we will have 



Hence, when p Q ^ « 1, which usually is the case, we find 


P 


o 


m N 

s 


Af 

~f 


rec 

r 


Af 

The derived expression shows that when the condition_£ e -£ « 1, the /6l4 

f 1 - 

r 

probability of timely creation of interference of the suppressed radio apparatus 
can be insignificant if N s is small. The value p Q becomes still smaller when 

the reconnaissance receiver is used for making a search in direction as well as 
frequency. 

An increase of the secretiveness of transmission of signals in radio con¬ 
trol systems is attained also by the integrated use of the methods described 
above. 

An increase of the noise immunity of radio control systems is ensured by 
the adoption of measures facilitating the undistorted transmission of signals 
through the receiver when there is interference. In a general case, all pos¬ 
sible measures are divided into two groups: 

(1) measures ensuring an increase of the signal-to-noise ratio at the in¬ 
puts of the receivers; 

(2) measures facilitating the transmission of a signal and making diffi¬ 
cult the transmission of interference through different elements of the re¬ 
ceiver and the control system as a whole. 

For practical purposes, an increase of the signal-to-noise ratio is re¬ 
lated to an increase of the power of the transmitter and the coefficient of 
directional effect of the antennas and also to a decrease of the reflecting 
surface of the rocket, etc. 

The second group of measures provides for the selection of the most modern 
methods of modulation, use of different selection methods and decrease of the 
quantity of information transmitted by radio due to the use of additional non¬ 
electronic pickups. 
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At the same time, it must be remembered that the modulation methods also 
should be selected taking into account the functions which are performed by the 
considered radio link. 

For example, one of the rational methods for transmission of a reference 
signal in beam-riding control systems is the use of pulse-frequency modulation. 
Pulse-amplitude modulation is unsuitable for this purpose. 

The selection of the modulation method is influenced considerably also by 
the conditions of tactical use of the rocket, the most probable type of arti¬ 
ficial interference, etc. 

Since it is impossible to avoid completely the effect of effective arti¬ 
ficial interference, the modulation should be such that the influence of inter¬ 
ference does not cause a sharp deterioration of the quality of the guidance 
process and a disruption of the operation of the control system, which, as al¬ 
ready mentioned, can be manifested in the improper setting of the control sur¬ 
faces of the rocket. 

The passage of interference into the output stages of the receivers is 
made difficult by the use of selection of high-frequency signals, usually /6l5 
called primary selection. Frequency, time, amplitude and other types of ~' 

primary selection are known. Such selection is based on the use of various 
differences, known in advance, between the parameters of the effective high- 
frequency signals and the interference. 

Continuous interference and the signal can differ from one another in mean 
intensity, width and the makeup of the spectrum of oscillations, time of 
presence at the input of the radio receiver, polarization of radio waves, etc. 

In the case of a pulse regime of operation, there are additional criteria-- 
duration and shape of the pulses and also the repetition rate. 

Usually, primary selection does not require a special change of the makeup 
of the modulated signal, and is ensured by the appropriate selection of the 
circuitry and the parameters of the radio receiver. 

Frequency primary selection is obtained as a result of the maximum pos¬ 
sible narrowing of the passband of the radio receiver input, and is an extreme¬ 
ly effective measure for overcoming wide-band and especially noise interference. 
The effect of frequency selection essentially involves a decrease of the inten¬ 
sity of the interference passing through to the output of the radio receiver. 

In actual practice, the possibilities of frequency selection are limited by the 
frequency instability of the radio transmitter generator and the receiver 
heterodyne. 

Time primary selection is based on the fact that the durations and times 
of appearance of the received pulse signals are known. The use of duration 
selectors ensures the transmission of signals, the duration of whose effect 
falls in limits stipulated in advance. At the same time, this method has a 
shortcoming, namely, that some of the useful signals do not pass through due to 
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change by interference of their duration in inadmissible limits. A knowledge 
of the times of appearance of the received pulses makes it possible to cut off 
the radio receiver at the time of a pause, which can lead to an appreciable 
decrease of the number of spurious signals forming at the radio receiver output. 

Separation of the useful and interfering signals, based on control of the 
difference of their amplitudes, usually is called primary amplitude selection. 
The filtering out of interference pulses of a small amplitude is accomplished 
most easily. A "bottom" limiter is sufficient for this purpose. The response 
threshold of such a limiter can be either constant or variable. The necessary 
change of the limitation threshold usually is ensured by automatic volume con¬ 
trol systems. 

Selectors also are known which ensure exclusion of transmission of inter¬ 
ference pulses with an amplitude exceeding the amplitude of the useful signal. 

In addition to primary selection, secondary selection also is used: the 
latter is based on control of the parameters additionally imposed on the trans¬ 
mitted signal during its coding at the transmitting end. The application of 
the principles of secondary selection is impossible without an increase of /6l6 
the energy of the radiated signals. There is a very great number of secon¬ 
dary selection methods. However, the most widely used methods are code selec¬ 
tion and repetition of transmission of communications, the principle of signal 
accumulation, a knowledge of the frequency spectrum of the received signals and 
correction codes. 

The code selection method, used widely in different electronic apparatus, 
makes it possible to decrease considerably the number of interference pulses 
passing to the output of the actuating circuits of the receiver. We recall 
that in code selection, communications are transmitted by use of timing codes 
consisting of several pulses with intervals between them which are known in 
advance. 

Duplication (repetition) of signals is of a time, frequency or code type. 
The essence of the time type is that the same transmitted signal is repeated 
several times. Frequently, it is desirable to have repetition with acknowl¬ 
edgement, in which the repetition continues until the receiver gives a signed, 
(acknowledgement) confirming the receipt of the transmitted communication. 

Time repetition should be used in those cases when it is necessary to increase 
the probability of transmission of the transmitted information (for example, 
a single command) and to decrease the distortion of the output signal of the 
receiver by averaging of all the received communications. 

The probability of the transmission p of a communication in the case of 

tr 

N^-multiple repetition can be determined on the basis of the following expres¬ 
sion 

V ' 1 - t 1 - Pis'" 3 ’ (H-9-D 
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where is the probability of the transmission of an individual signal in 
the absence of repetition. 

Formula (11.9.1) is derived easily if it is remembered that (l - P^ g ) 0 is 

the probability that the transmitted signal will not be transmitted in the case 
of N^- multiple repetition. Since p^ g < 1, with an increase of N^, the value 

p^ increases, 
tr 

It should be noted that the problem of increasing the probability of trans¬ 
mission of a single command by the repetition method is solved without any ad¬ 
ditional complication of the receiver. The only thing which is required in 
this case is an appropriate tuning of the apparatus producing the signal for 
the actuating mechanism. 

The principle of accumulation essentially involves the design of an appara¬ 
tus by means of which interference is stored by energy and useful signals by 
voltage. This method for increasing noise immunity is particularly suitable 
for radar sets. 

In the case of frequency and code duplication, the same communication is 
transmitted simultaneously at several frequencies or by use of several timing 
codes. 

By knowing the spectral composition of the signals produced by the /617 
radio transmitter, it is possible to create an optimal filter ensuring a 
maximum signal-to-noise ratio at its output. Such a filter usually is extreme¬ 
ly effective for overcoming fluctuation noise. 

For example, if periodically repeated pulses are used, their reproduction, 
with insignificant distortions, does not require use of a filter with a passband 

equal to approximately AF^ = where Tp is the duration of the arriving 

pulses. These pulses will be reproduced by means of a series of n^ narrow-band 

filters which transmit only components with the frequencies F^, 2F^, ..., n^JF\, 

where F^ is the pulse repetition rate. In this case, the number n^ should be 

selected on the basis of the following relation 


n f = 


l- 3 
F i T P 


AF* 


( 11 . 9 . 2 ) 
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Such a series of n^. filters is called a comb filter. The use of a comb 

filter makes it possible to decrease the intensity of interference at the out¬ 
put because some of the components of the interference, having frequencies 
outside the band AF^ of each of the filters, are not transmitted. It can be 


shown easily that the ratio of the intensity of the fluctuation interference 
p^c at the output of a comb filter to the intensity of this same interference 

p no at the output of an ordinary filter with the transmission band AF^ is equal 

to 



nAF ± 


AF, 


Taking expression (11.9*2) into account, we obtain 


P 


nc 


AF. 


P 


no 


F. 

1 


It therefore follows that a decrease of the intensity of interference by 
use of a comb filter is determined by the ratio of the passband AF^ of a single 

filter of the series n^. to the pulse repetition rate F^. For example, if 

F^ = 1000 cps and the transmission bands for all the components of the comb 

filter are identical and equal to 100 cps, p /p = 10. 

' nc' no 

The use of comb filters also is possible when there are modulated pulse 
control signals. However, in this case the gain in noise immunity is decreased 
somewhat. 

In apparatus based on use of pulse-code modulation, noise immunity can be 
increased by use of correction codes. As is well known, these can be divided 
into detecting and correcting codes. Detecting codes make it possible to /6l8 
detect errors in the received communications and correcting codes have the 
property not only of detecting errors, but also their correction. 

An increase of the noise immunity of the control system to a considerable 
degree can be facilitated by combination of electronic and nonelectronic 
devices. The fact is that a number of parameters (such as the range between 
the rocket and the control point) can be produced with a sufficiently high 
degree of accuracy by the programming mechanism. As a result, an electronic 
range finder, connected to such a time mechanism, should perform only correc¬ 
tion of the latter. However, the correction problem can be solved successfully 
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by use of a servosystem with a smaller velocity transfer constant, which is 
equivalent to a decrease of the range finder passband. 


By approximately such an interrelationship between the electronic and non¬ 
electronic instruments used in measuring different coordinates, it is possible 
to obtain a complex system which has greater noise immunity than an ordinary 
electronic apparatus. 

We note, in conclusion, that when there is radio interference, the quality 
of rocket guidance is influenced considerably by the principle of operation of 
the radio apparatus used and satisfaction of those requirements which were men¬ 
tioned in the discussion of coordinators and command control radio links. 


686 


Digitized by LjOOQLe 



CHAPTER 12. RADIO FUSES 


12.1. Principles of Design and Principal 
Types of Radio Fuses 

The probability of a direct hit of radio-controlled rockets intended /6l9 
for the damage of small targets, especially when the latter are moving at a 
high velocity, is for all practical purposes close to zero. As a result, it is 
necessary to automatically detonate the warhead of the rocket when it enters 
the zone of effective damage of the target. In some cases, the solution of 
this problem is based on use of radio fuses which are radio robot systems which 
produce an individual command for excitation of processes of ignition of the 
explosive. 

The principles of design of radio fuses and the requirements imposed on 
them are based on the basic ideas and problems of control of a detonation, 
which in turn are determined by the character of the effect of the warhead. 

As is well known, for the detonation of a warhead at the time when the 
maximum effect is ensured, it is most important to determine the relative posi¬ 
tion of the target and rocket, and then cause the detonation of the warhead in 
such a way that the maximum quantity of the damaging components will be di¬ 
rected to destruction of the most vulnerable parts of the target. 

Under real conditions, depending on the type of warhead, the functions 
performed by the radio fuses to some extent can be modified. For example, if 
the rocket is supplied with an isotropic warhead, the radio fuse should form 
a command at the time when the rocket is situated at a given or minimum dis¬ 
tance from the target. When an anisotropic warhead is used, it should be 
detonated when the vector of the relative velocity of propagation of the dam¬ 
aging components coincides with the direction of the rocket-target line. /620 
This means that the apparatus of the radio fuse for detonation of the aniso¬ 
tropic warhead must create a detonation command taking into account not only 
the distance between the rocket and the target, but also the character of the 
relative approach of these objects. 

From the point of view of the use of the circumstances under which the tar¬ 
get is damaged with maximum probability, a radio fuse seeming continues the 
process of rocket guidance without exerting an influence on its control compo¬ 
nents . 

It now is possible to distinguish two principal groups of radio fuses 
(ref. 4). The first group includes radio fuses operating on the basis of sig¬ 
nals received from the target to be damaged. The radio fuses of the second 
group constitute command control systems such as are used, for example, for 
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transition of a winged rocket into a dive or the cutoff of the engine in a bal¬ 
listic rocket. However, the coordinator of such a radio fuse usually should 
measure insignificant distances with very small errors. In addition, in some 
cases it also must determine the direction of the velocity vector of approach 
of the rocket to the target. The single command radio links discussed in chap¬ 
ter 7 can be used for transmission and reception of commands. 

The most favorable conditions for the use of radio fuses of the second 
group are those cases when the warheads are isotropic or close to isotropic. 
This can be attributed to the considerable technical difficulties of suffi¬ 
ciently precise determination of the character of motion of the rocket and tar¬ 
get when there are small distances between them, which usually must be done 
when an anisotropic warhead is used. 

The principle of operation of radio fuses of the first group can be under¬ 
stood easily if the principles of design of electronic homing systems are re¬ 
called. The difference between radio fuses of the first group and homing sys¬ 
tems in essence involves only the purpose of the produced commands. At the 
same time it should be noted that the radio fuses used for detonation of a war¬ 
head of the isotropic type do not determine the angular coordinates of the tar¬ 
get in relation to the velocity vector of the longitudinal axis of the rocket. 

Like homing systems, radio fuses of the first group can be passive, semi¬ 
active and active. An active radio fuse contains a radio transmitter scanning 
the target to be damaged and a receiver reacting to the reflected signals. In 
semiactive radio fuses, there is no transmitter and the target is scanned by an 
outside source situated away from the rocket. The operation of a passive fuse 
is based on the reception of radio signals produced by apparatus which is 
situated on the target to be damaged. The use of passive radio fuses is lim¬ 
ited by the necessity for preliminary reconnaissance of the parameters of the 
radio apparatus of the target and the possibility of deactivation of these /621 
radio sources during the guidance of the rocket. The principal short¬ 
coming of semiactive radio fuses is in coping with the maneuvering of a rocket¬ 
carrying aircraft or vessel during rocket guidance from a moving point and the 
need for continuous tracking of the target to the time of its annihilation. 

For the mentioned reasons only active radio fuses are in common use. 

Since anisotropic warheads in many cases are more desirable than isotropic 
warheads, the problem of matching the region of damaging of the target and the 
region of triggering of the radio fuse is extremely important in the design of 
radio fuses. 


12.2. General Information on the Matching of the Region of Damaging of 
the Target and the Region of Triggering of the Radio Fuse 

The problem of optimal matching of the regions of damaging of the target 
and the triggering of the radio fuse is complex and is poorly discussed in the 
literature. For this reason, in this section we will discuss only an approxi¬ 
mate approach to the solution of this problem. The matching of the region of 
damage of the target by an anisotropic warhead and the conditions for 
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triggering of an active radio fuse essentially involve determination of the 
direction of the maximum of radiation and reception of the radio fuse antenna 
and computation of the width of its directional diagram. In addition, it is 
necessary to take into account the range of triggering of the radio fuse, using 
as a point of departure the radius of effect of the damaging components of the 
warhead. 

On the basis of quite simple concepts, it can be concluded that the maxi¬ 
mum of radiation and reception of the radio fuse should coincide with the di¬ 
rection of the vector of the relative velocity of motion of the maximum quan¬ 
tity of damaging components of the warhead and target, and the configuration of 
the directional diagram should correspond to the configuration of the region 
of damage of the target. The latter can be attributed to the fact that the 
triggering of the radio fuse at great and small ranges to the target, when the 
maximum and minimum of the damaging components are directed to it, leads to a 
virtually identical effectiveness of the warhead. 

Figure 12.1 is given for familiarization with the approximate method for 
matching the regions of damaging of the target and triggering of the radio 
fuse. In this figure, o r and the axis determine the position of the cen¬ 

ter of mass of the rocket and its longitudinal axis at some time t, and the 
angle cp^ e is the direction of the maximum damaging effect of an anisotropic war¬ 
head. We will assume that the zone of damage is a volume obtained by rotating 
part of the plane bounded by the curve 1 (fig. 12.1a) about the o r x^axis. 

Then the direction (fig. 12.1b) of the reception maximum of the radio fuse 

antenna can be found in the following way. In the case of detonation of /622 
the warhead of a rocket moving with the relative velocity 


v 


0 


v - v. 


( 12 . 2 . 1 ) 


assume the damaging components begin to move relative to the rocket with the 
velocity v^g. Then the velocity v a pp of approach to the target will be 


= v. + v^. 
app de 0 


( 12 . 2 . 2 ) 


We note that here and in the text which follows, it is assumed that the 
vector v coincides with the o r x^ axis. If the vectors v^g and v^ are projected 

onto the o x n axis and onto the normal to it, we find that 
r l 7 


tan (3 


0 


V de sin ^de + V 0 sln a 0 
v de COS 'Pde + v 0 cos a o' 
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Figure 12.1 


where the angles cp^ e and a Q are read counterclockwise from the o r x^ axis. 
However, it follows from figure 12.1b that 


v 0 cos a 0 = v + v t cos M-t 

and 

v 0 sin a 0 = v t sin 


where is the slope of the velocity vector v^ to the o r x^ axis. 
Then we will have 


tan p 


0 


de 


V de C0S 'Pde 


+ V + 


sin 

^ COS n + * 
U X 


(12.2.3) 


Expression (12.2.3) makes it possible to compute the angle P Q character¬ 
izing the direction of the relative motion of the maximum of the damaging ef¬ 
fect of the warhead for given values v, v^ and v^ g . However, under real condi¬ 
tions, the value can vary in broad limits, whereas the value v^. is approxi¬ 
mately known because a particular controlled rocket is intended for dam- /623 
aging targets only of a certain class. If the range of change of p, is 

limited by tactical or some other conditions of rocket use, the possible values 
of the angle p, also can be estimated approximately. Under these conditions, 

it is easy to determine the maximum and minimum values of the angle Pq, and as 
a result it is easy to establish the mean value Pq. 
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In practice, it is found that the variations of P Q are not great even with 
a change of ^ in a very broad range if the velocities v^ e and v considerably 
exceed v^. For example, when cp^ e = Vj e = kv ^ and v = 2v^ 

b + sin \i 

tan B = -- 

0 2 + cos M*t 

and for 0 ^ ^ 360°, the angle P Q changes only from 50*^ to 76 .5°• When 

falls in the range 150 - 210 °, which corresponds to the case of the launching of 
a rocket in an overtaking trajectory, the value Pq changes by only 4.5°. 

On the basis of the above, the conclusion can be drawn that the angle of 
inclination of the maximum of radiation and reception must be selected as the 
mean arithmetical value of the sum of the maximum and minimum of the values Pq, 

determined using formula (12.2.3)* At the same time, it obviously is necessary 
to require the creation of a corresponding zone of the damaging effect of the 
warhead and the width of the directional diagram of the radio fuse antenna. 

The problem of the matching of the regions of damage by the warheads and 
the triggering of the radio fuses of the rockets for damage of surface, water 
and underwater targets is simplified somewhat in comparison with the effect of 
the rockets against air targets. This is because it is possible to neglect the 
velocities of motion of targets situated on the land, on the water and under¬ 
water. 

The analysis made here is not exhaustive because no allowance was made for 
many factors exerting an influence on the effectiveness of control of the 
detonation. Among these factors are the following oscillations of the rocket 
around its center of mass, changes of the state of the external medium sur¬ 
rounding the target and the rocket, fluctuations of the velocities of the dam¬ 
aging components, etc. 

All presently known methods, including pulse methods, theoretically are 
suitable for determination of the range of the detonation, which in dependence 
on the type of warhead, can characterize the stipulated or minimum distance be¬ 
tween the rocket and the target, and also the value r, dependent on the rela¬ 
tive position of the rocket and target. However, the use of pulse methods re¬ 
quires apparatus of rather large size and weight. In addition, in pulse opera¬ 
tion, the minimum effective range of the radio fuse is limited by the dead zone. 
Radio fuses with continuous radiation, therefore, have come into the widest 
use. 

The detonation of a warhead at a stipulated range is accomplished /624 
most easily by use of the so-called amplitude method. It is known that the 
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* U rec (thr) 2 


power P rec which will reach the input of the receiver of an active radio fuse 
changes according to the law (fig. 12.2a) 


P 

rec 



where k is the proportionality factor. 

The value P rec increases most sharply in the case of small values of dis¬ 
tance r between the rocket and the target. This makes it possible to fix, with 
a high degree of accuracy, the stipulated range of the detonation if the output 
stage of the radio fuse gives the necessary triggering threshold. At the same 
time, it must be remembered that the range of the detonation will be dependent 
on the effective reflecting surface of the target. 

The voltage u rec forming at the output of the receiver of a radio fuse 

with an omnidirectional antenna, depending on the distance r, changes as shown 
in figure 12.2b, where the negative values r characterize the distance of the 
rocket from the target. / 62 p 
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For example, if the radio fuse should form a detonation command when 
r = r^, when the power P rec ^ is fed to the input (fig. 12.2a) and a voltage 

U rec i at the output of the radio receiver is formed, it is necessary to use an 

amplitude selector with the response threshold U rgc (t^r) ]_• If it is required 

that the warhead be detonated at the distance r = r^, the response threshold 

should be set at the level U rec 2* ^ should be noted here that, when a 

radio fuse which is triggered at a given distance is carried aboard the rocket, 
it is impossible for the rocket to make a direct hit on the target. 


The problem of triggering a radio fuse at a stipulated distance from a 
target can be solved also on the basis of an analysis of the derivative 
du re p . . 

of the output voltage u rec (t) of the receiver of the radio fuse for the 


dt 


time t (r, distance, is a function of the latter). The character of the depen- 
du_,_ _ 

dence of _.r _ is shown in figure 12.2c. This figure shows that by placing at 
dt 

the output of the receiver of the radio fuse a device which is triggered when 


du 


rec 1 


dt 


= k^U rec where k^ is a proportionality factor, it is possible to en¬ 


sure the stipulated distance r^ of detonation of the warhead. 


If we do not take into account the fluctuations of the received signal and 

1*6 C 

radio noise, determination of the detonation range using the signal —-— is 

dt 

accomplished more precisely than on the basis of the voltage u rec * This can be 

^ u rec 

attributed to the considerable steepness of the signal —for values r close 
to zero. 


The distance of triggering can be fixed more precisely by using the second 
time derivative of the voltage u rec (fig* 12.2d). 

The detonation command at the required range also can be formed using appara¬ 
tus similar to radio navigation altimeters with frequency modulation. The prin¬ 
ciple of change of range in such radio fuses is based on the detection of the 
difference frequency of direct and reflected frequency-modulated signals. It is 
found that the mean value of the difference frequency is related unambiguously 
to the value r. 


Determination of the minimum range between the rocket and target is accom¬ 
plished quite simply using Doppler velocity measuring instruments. It is well 
known that the Doppler frequency F^ of a signal forming at the output of the 
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Jf 



Figure 12.3 


receiver of a radio fuse changes directly proportional to the radial velocity 
v^ of approach of the rocket to the target. This means that in the case of 


guidance of a rocket R (fig. 
moving with the velocity v^. 


12.3), moving with the velocity v, to a target T, 

/626 


F = f 
D 0 


2Vq c °s a 0 


(12.2.10 


where f^ is the carrier frequency of the radio fuse, v^ is the 

relative velocity of approach of the rocket to the target, and 
of light. 


value of the 
c is the speed 


In the region of meeting of the rocket with the target, their motion with 
a sufficiently high accuracy can be considered linear and uniform. Then 
Vq as const and the frequency F^ is dependent only on the angle • The value 

a Q increases with approach of the rocket to the target; at point A, situated at 
the minimum distance r m ^ n from the target, it attains the value and then be¬ 
comes greater than As a result, at the output of the radio fuse receiver, 

when a frequency detector is present, it is possible to obtain a voltage u = 
k^Fp, where k^ is a proportionality factor. D 
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The dependence of u^ on r - r m ^ n has the form shown in figure 12.4a. 

Figure 12.4a shows that the detonation of the warhead at the minimum distance 
Vin* a ^ so induing the value r m ^ n = 0, occurs in this case when an output 

signal with u^ = 0 is formed at the output of the radio fuse. 

It is easy to see that such a radio fuse must be supplied with an antenna 
whose reception maximum should be directed along the normal to the trajectory 
of motion of the rocket. This radio fuse can be applicable when using either 
isotropic or anisotropic warheads. The charge of anisotropic type should /6 ZJ 
be such that the vector of relative velocity of motion of its damaging ele¬ 
ments is approximately perpendicular to the vector v. 


A distinguishing feature of the function u^ = f(r - r m £ n ), shown in figure 


12.4a is the relatively slow change of in the case of a considerable value r 

and the instability of the zero due to the influence of various kinds of fluc¬ 
tuations. The limits of the distances r close to r m ^ n are defined more clearly 

du D 

using the derivative shown in figure 12.4b. In this case, the output 


device of the radio fuse should be triggered at the level of the signal maximum 


du T 


dt 


The minimum distance between the rocket and the target also can be deter¬ 


mined on the basis of an analysis of the signals 


du 


rec 


d^u 


d), since the zero value of the derivative 


du 


dt 


and 


rec 


(fig. 12.2c, 


rec 


dt 


d^u. 


dt 


will occur not only when r= 0, but also when r = r m ^ n , where r 


and the maximum value 

t 0 . 


rec 


dt £ 


min 


12.3. Diagrams of Active Radio Fuses 

In accordance with the problems to be solved, the general functional dia¬ 
gram of an active radio fuse can be represented as shown in figure 12.5. 

The oscillations radiated by the transmitter Tr reach the target to be 
damaged and are reflected from it. The reflected signals are received by the 
receiver Rec, linked to the analyzer A. In addition, the analyzer A receives 
the voltage of the radio transmitter. Comparison of the parameters of the 
direct and reflected signals in the analyzer makes possible target selection 
and the forming of a voltage characterizing distance r. 

In order for the radio fuse to react with a high reliability to signals of 
only a single target (target selection), the analyzer includes a filter which 
transmits a definite range of Doppler frequencies (refs. 4 and 112). 
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Figure 12.5 


The output signal of the analyzer acts on an electronic relay ER 
having a stipulated response threshold The value as already 

noted, is selected in accordance with the stipulated distance r gt of detonation 
of the warhead. 

In a case when the voltage at the output reaches the computed value the 
electronic relay is triggered and activates the electrical primer of the deto¬ 
nator ED, provided the range triggering mechanism RIM is in a working position. 
The RTM is a sort of safety fuse which forestalls spontaneous detonation of 
the radio fuse when it is being prepared for use and in the initial segment of 
rocket flight. 

After the rocket has covered the stipulated distance from the time of 
launching, the RTM, in response to the programming mechanism which it includes, 
brings the circuit of the electrical detonator into a working state. 

The safety exploder SE, connected to the RTM, is used for detonation of 
the rocket in the event of an inadmissibly large miss. 

Depending on the specific methods for determination of distance r and the 
angular position of the vector v , and also the method of target selection, 

there will be in the circuits of radio fuses different antenna and analyzer 
characteristics and different methods for coupling the receiver to the trans¬ 
mitter. For example, when determining distance to the target from the value 
of the voltage u rec (fig. 12.2b) forming at the output of the receiver and 

target selection on the basis of an analysis of Doppler frequencies, we obtain 
the functional diagram of the radio fuse shown in figure 12.6. 

This fuse, sometimes called a Doppler fuse, includes: a transmitter Tr, 
operating in a regime of nonattenuating oscillations at the frequency fQ, a 

receiver Rec, at whose input arrives the signal reflected from the target upon 
its entry into the limits of the angle of aperture of the directional diagram 
of the receiving antenna and an actuating mechanism. The actuating mechanism 
includes: a mixer Mix, a selective amplifier SA, a detector (rectifier) D, 
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Figure 12.6 


an electronic relay ER, an electrical detonator ED, a range triggering mechan¬ 
ism RIM and a safety exploder SE. 

At the output of the mixer Mix a voltage is formed which has the frequency 
Fp and an amplitude which increases with approach of the rocket to the target. 

The selective amplifier, containing a selective filter, is used for filter- /629 
ing out all components of the frequencies which do not characterize the 
radial velocity of approach of the rocket to the target. 

In selecting the passband AF. of the selective amplifier, it is necessary 

to use as a point of departure the maximum and minimum values of the Doppler 

frequencies and F^ , , which can be formed with different possible 

M D max D min 7 

aspects of approach of the rocket to the target. 

It follows from expression (12.2.4) that 

v (cos a ) 

p _ p 0 max 0 max ^ 

D max I 0 7 

c 

v_ . (cos a,J . 

•c p 0 mm v 0 min ^ 

*D min “ --- V 


Here v_ and v^ . are the maximum and minimum possible values of the 
0 max 0 min 

velocities of approach of the rocket to the target: (cos a n ) _ and (cos a n ) . 

U'max ' Omm 

are the maximum and minimum possible values cos a, dependent on the angles be¬ 
tween the vector of relative velocity of approach Vq and the rocket-target line. 

The voltage appearing at the output of the SA has a variable frequency and 
an increasing amplitude. This voltage is fed to the detector, performing the 
function of a rectifier. 

It should be noted that a detector is not a vital element of the radio 
fuse because the relay also is capable of correct triggering when it is fed a 
voltage of variable current. However, in some cases, a detector is used 
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because the possibility exists of additional filtration of parasitic compo¬ 
nents, which can lead to erroneous triggering of the radio fuse. 

In the considered diagram of a radio fuse, the analyzer includes a mixer, 
selective amplifier and detector. 

If it is necessary that the radio fuse be triggered at a minimum distance 
from a target, as already mentioned, it is necessary to record the time when 
the Doppler frequency becomes equal to zero. For this reason, the analyzer 

includes a frequency detector rather than an amplitude detector. As the fre¬ 
quency detector it is possible for example, to use the frequency bridge men¬ 
tioned in chapter 5 . In addition, a radio fuse of such a type also can be 
constructed using a frequency detector with a differentiator at its output. 

In the study of all the types of radio fuses mentioned here it was assumed 
that there were a radio transmitter, radio receiver and mixer as separate /630 
components. However, for the purpose of weight economy and smaller size, 
all these can be combined into a single stage. Then, with respect to the func¬ 
tional diagram shown in figure 12.6, under the condition that there is no 
detector D, it is possible to design the simplified diagram shown in figure 
12.7 (ref. Ill), where the electrical detonator, range triggering mechanism and 
safety exploder are not shown. 

In this fuse, the antenna A transmits and receives radio signals. The 
generator Gen^ is based on the Hartley oscillator principle. The signals re¬ 
flected from the target, received by the antenna A, are mixed in the nonlinear 
stage Gen^ with the generated voltage, and as a result a voltage of the add and 

subtract (Doppler) frequencies f fl ^ and F^ is formed, which is fed to the Gen£ 
amplifier. The grid circuit has a filter delaying the components with the 

frequency f The amplified oscillations of Doppler frequency act on the 

electronic relay. 


Note: 



E 3 not identified in text. 
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It can be seen from the diagram in figure 12.7 that the basic ideas of de¬ 
sign of radio fuses reacting to the intensity of the arriving signals and 
selecting the target on the basis of the velocity of approach can be realized 
using quite simple technical means. 

In the case of determination of the distance between the rocket and tar¬ 
get by use of frequency-modulated oscillations, the functional diagram of the 
radio fuse has the form shown in figure 12.8. 

We note that figure 12.8, if the electronic relay is not taken into ac¬ 
count, represents a radio navigation range finder (altimeter) with frequency 
modulation. A detailed analysis of such a range finder is given in most 
instructional manuals on radio navigation apparatus and especially in the book 
listed as reference 11. Therefore, here we will present only a qualitative 
discussion of the transpiring processes. The generator, controlled by a fre¬ 
quency modulator, produces oscillations whose frequency changes periodically 
on the sawtooth principle. The signals reflected from the target, after some 
time from the moment of radiation, arrive at the receiving antenna coupled to 
a balancing mixer, to which is also fed a voltage from the amplifier / 63 I 

output. 

At the output of the balancing mixer, a voltage is created which repre¬ 
sents the beats between the direct and reflected signals. As already mentioned, 
the mean value of the frequency of these beats is proportional, with a suffi¬ 
cient degree of accuracy, to the delay of the reflected signal and therefore to 
the distance to the target. 

The low-frequency amplifier LFA and the limiter Lim are used for amplifi¬ 
cation of the low-frequency beats and forming from them pulses of a rigorously 
determined amplitude. The counter forms a dc voltage whose value changes 
proportional to the repetition frequency of the input pulses. The signal 
formed at the output of the counter passes through a dc amplifier DCA and then 
is fed to an electronic relay ER. When the value of the DCA voltage reaches 
the response threshold of the relay, the latter feeds a command for detona¬ 
tion of the warhead. 
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12.4. Characteristics of the Operation of Radio Fuses 
and General Requirements Imposed on Them 

One of the principal characteristics of any radio fuse is the maximum ef¬ 
ficiency of its operation, obtained when there is optimal matching of the re¬ 
gions of damage of the target and triggering of the radio fuse. For this rea¬ 
son, great attention must be devoted to matching problems during the designing 
of radio fuses. In addition, it is necessary to take into account the charac¬ 
teristics of the operation of radio fuses and all the principal requirements 
imposed on rocket equipment (small weight, size, minimum power consumption, 
etc.). Also very important is the requirement of a high noise immunity of the 
radio fuses and the reliability of their operation. 

In Doppler radio fuses, the frequency F^ varies in extremely wide limits; 

its minimum value F~ . can be close to zero. Under these conditions, at the 

D min 

output of the selective filter, there can be parasitic components of volt- /632 
age caused by vibrations of the rocket, the microphone effect of the elec¬ 
tron tubes, etc. It therefore becomes necessary to make an appropriate selec¬ 
tion of the parameters of the radio fuse so that it will not be triggered 
prematurely. 

One of the methods for eliminating the influence of low-frequency fluc¬ 
tuations is an increase of the carrier frequency f^ of the radio fuse and the 

limitation at the bottom of the minimum value of the frequency F^ transmitted 

by the selective amplifier. As follows from expression (12.2.4), an increase 
of f^ leads to an increase of F^. At the same time, it must be remembered 

that the cutoff of components with small values F^ requires detonation of the 
warhead at a distance exceeding r^^. 

Another important characteristic of the radio fuse is its separation from 
the remaining equipment of the rocket by a compartment with a warhead. The 
placement of the radio fuse in the nosecone of the rocket leads to need for 
developing autonomous sources of electrical energy. This can be done either 
with batteries or turbogenerators, brought into motion by the oncoming air 
flow. In order for the battery sources of current to be stored in warehouses 
for a long period, the electrolyte usually is placed in a separate cylinder 
which is connected automatically to electrodes only after launching of the 
rocket. 

In order to decrease the size of the radio fuse, it is of considerable 
importance to use one receiving-transmitting antenna and small electronic 
instruments and radio parts. 

As an illustration of the comments made here concerning the construction 
of radio fuses, figure 12.9 shows the design of the British V-T radio fuse. A 
characteristic of this fuse is that the radio transmitter begins to radiate 
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only some time after the launching of the rocket, when the battery and the ele¬ 
ments of the radio apparatus are ready for operation. 

It is necessary to ensure a high noise immunity of radio fuses be- /633 

cause the radio interference created by the operating electronic apparatus 
used for other purposes and created by the enemy can lead to a premature detona¬ 
tion of the warhead and, thereby, make the launching of controlled rockets in¬ 
effective. The use of measures directed toward ensuring the continued operabil- 
ity, when there is both passive and active artificial interference, meets with 
a number of difficulties associated with the rigorous requirements on small size 
and weight of radio fuses. However, despite this, by the use of elements 
solving a complex of problems, it is possible to attain considerable results 
with respect to the creation of noiseproof devices for the detonation of war¬ 
heads . 

For example, by the selection of a carrier frequency and the parameters 
of the filter in the selective amplifier of a Doppler radio fuse, it is possible 
to attain an appreciable decrease of the influence of passive interference. 

At the same time, an appropriate selection of the time of transition of the 
range resetting mechanism into a working state ensures a decrease in the 
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possibility of false formation of a detonation command under the influence of 
both passive and active radio interference. The same purpose is served by the 
cutting in of the radio transmitter only when the rocket is in the immediate 
vicinity of the point where the radio fuse is to be triggered. 

In addition, for increasing the noise immunity of the radio fuse, it is 
possible to use a number of those measures which are used in the design of 
electronic apparatus for other purposes. It should be emphasized here that 
more rigorous requirements are imposed on the noise immunity of radio fuses 
than on other apparatus used in guidance of a rocket. This is because the in¬ 
terference causing premature explosion of the warhead means an end to the very 
purpose for which the rocket was launched, and at the same time the influence 
of interference on the radio control system in some cases only causes some 
worsening of its characteristics. 

For example, the influence of interference on a radio control system over 
a short period of time may exert an insignificant influence on the accuracy of 
rocket guidance. The effect of the same interference on a radio fuse with the 
range resetting mechanism in a ready state can cause the destruction of the 
rocket. 


The need for ensuring a high reliability of the operation of radio fuses is 
completely obvious and requires no further explanation. It is important to 
use a minimum number of reliably operating parts in meeting this requirement. 

In addition, in many cases, it is desirable to apply the principle of duplica¬ 
tion (stand-by system) (ref. 8), which in application to the device under dis¬ 
cussion means the use of several fuses of the same or different types. 

Duplication in parallel or in series, or a mixed type of duplication / 63 ^ 
is possible. In the case of duplication in parallel, the detonation occurs 
at the time of triggering of at least one fuse. If duplication in series is 
used, annihilation of the target is possible only with the triggering of all 
the fuses. 

In mixed duplication one part of the fuses is connected in parallel and 
the other in series. 


For clarification of the most desirable method of duplication we will con¬ 
sider the problem of the probabilities of normal, late and early detonations 
of the warhead, and also the probability of nondetonation as a result of non¬ 
triggering of the fuses. The case when three identical fuses are used will be 
considered first. We will assume here that normal, early and late detonations 
characterize normal, early and late triggering of fuses, proceeding on the 
requirement that the target be damaged. 


Assume that the probabilities of normal, early and late detonations and 
also the probability of nondetonation for each of the fuses is identical and 


equal to p 


i' 


p 2 > p 3 > 


and p^, respectively. Then, taking into account the non¬ 


dependence of triggering of individual fuses, it can be found (ref. 8) that in 
the case of duplication in parallel 
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p >1 
n 


- 3p 2 ~ Pi ~ Pi - Splpt - 3p 3 pl, 
P e < 3/j 2 , 

>i=^( 1 + ^r + f) 


^nd ^ 4 ' 


Here p n is the probability of normal triggering of at least one of the three 

fuses, p^ and p^ are the probabilities of early and late detonations of the 

warhead, and p is the probability of nondetonation of the warhead, 
nd 

Analysis of these expressions shows that duplication in parallel leads to 
a decrease of the probability of nondetonations, a decrease of the probability 
of late detonations and an increase of the number of premature detonations. 

At the same time, the probability p n , in dependence on the values p^, and 

p^, can be decreased or increased in comparison with p_^, and also remain equal 

to p . 


In the case of duplication in series, we will have 


P n > l-Pj-3p 4 -3p 3 . 
Pe=P 2 - 

P]_ < 3/>3, 

*na < 


In this case, there is a decrease of the number of premature detonations, /635 
but there is an increase of the number of nondetonating rockets, late 
detonations and normal detonations. 

As a result of mixed duplication 


p n > 1 - 3p\ - 3 p\ - 3 p\ - 6 /^ 4 . 

P e < 3 Pi 

P 1 OPl + SPsP*' 
p nd < 3p ’- 

It follows from these relations that mixed duplication can give better re¬ 
sults than duplication in parallel or in series. 
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Proceeding in the same way in an analysis of the effect of duplication by 
four, five or more fuses, it is possible to draw the following general con¬ 
clusions: 

(1) it is better to use an odd number of fuses than an even number; 

(2) mixed duplication ensures the maximum probability of damage of a 
target; 

(3) mixed duplication should be organized in such a way that there will be 
approximately an identical number of connections in series and in parallel. 

The consideration of the problem of increasing the reliability of the 
duplication method made here has not touched upon the accuracy of adherence to 
the detonation distance, size of the warhead, etc. Under real conditions, when 
developing radio fuses, it is necessary to take into account all the problems 
involved in the effectiveness of damaging of the target. 

We note in conclusion that in the selection and computation of a number of 
parameters of radio fuses, it is necessary to bear in mind the principal char¬ 
acteristics of the system used in guiding the rocket to the target. 
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